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Chapter 1
Introduction
Since the operation of the first nuclear power plant (NPP), the electricity production
from nuclear has steadily been increased. In 2013, NPPs made a large contribution to
the world's generation and supply of electricity of approximately 13% produced by 435
plants with a total net installed capacity of 371,326MWe [Uni], [Int]. The development
of the nuclear technology including the fuel type and cycle has continuously experienced
progress in terms of safety, economic efficiency, and performance. In this development,
the light water cooled and moderated reactor (LWR) technology, in particular the boiling
water reactor (BWR) and the pressurized water reactor (PWR), is strongly emphasized
and outstandingly deployed.
In the past decades, the uranium dioxide (UO2) fuel has been the main line for fuel supply
and has been applied in all types of NPPs and LWRs in particular. In order to improve
the efficiency, utilize plutonium surplus from spent fuel, and allow high fuel utilization,
this type was modified to the mixed oxide (MOX) fuel. In parallel, innovative fuels based
on thorium were investigated in which thoria is used as an inert matrix mixed with a
fraction of UO2 or PuO2. The use of this innovative fuel in LWRs, in particular PWRs,
to replace the standard UO2 as well as MOX fuel has been comprehensively investigated
in the framework of different R&D-programmes with positive results in terms of safety
behavior, fuel utilization, and the reduction of the amount of high-level radioactive waste
[SK07], [Bod04], [Nab+09]. However, thorium-based fuel has not been involved in the
nuclear fuel cycle of today's commercial LWRs.
In spite of considerable progress in the fuel development and achievements, the MOX
and the innovative thorium-based fuel have the potential and capabilities for further
improvement and optimization for the use in BWRs by employing new loading and
enrichment strategies. BWRs are characterized by the removal of the produced and
distributed fission heat in the reactor core with light water which is pumped through the
primary cooling circuit. During this process, the light water starts to boil, a two-phase
flow occurs under the reactor pressure conditions, and the steam is transported to the
turbine for the generation of electricity. From an operational point of view, the BWR core
nonlinearly responds to the two-phase flow leading to instabilities for certain operational
points which are characterized by a given thermal power, core coolant flow, core inlet
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subcooling, and control rod position as described in [Lan09] and [Lan+07]. From a
nuclear physics point of view, the light water moderates the fast fission neutrons which
is an efficient process in the case of high water densities. With increasing reactor height
and increasing void fraction in the moderator, the efficiency rapidly decreases resulting
in a locally harder neutron spectrum. These high-energetic neutrons have, in contrast
to the thermal neutrons in the lower part of the core, very small reaction cross sections
with the nuclear fuel resulting in a lower fuel utilization.
The direct transportation of the steam through the primary cooling circuit to the turbine,
the nonlinear response of the core to the moderator conditions resulting in strong BWR
instabilities, and the locally heterogeneous spectra of the neutron radiation field are
challenging aspects and their understanding is of paramount interest for the steady
state and economical operation of the BWR. The common strategies of BWR operators
to overcome these issues are:
1. lower enrichment in uranium-235 of the bottom and the top fuel pellets
2. shortening of some fuel rods in the assembly of about one-third
3. omitting central fuel rods resulting in an axial water gap through the assembly
The axially varying uranium-235 content, either due to the shortening of some rods or
due to the varying enrichment, leads to an increase of the margin to thermonuclear
instability. In particular, a lower enrichment of the bottom fuel pellets stabilizes the
reactor operation because a lower one-phase pressure drop and less negative void coef-
ficients are observed as reported in [Hen99] and [Dem00]. For the top fuel pellets, a
lower enrichment or most commonly used natural uranium decrease the neutron leakage
and optimizes the power distribution in the case of high power densities. However, all
strategies result in a reactivity loss of the core causing amongst others a lower capacity
factor.
The aim of this thesis is the investigation of a fourth optimization strategy which is
based on the given favorable microscopic fission fraction of the absorption cross section
for fast incident neutrons for some actinides. In particular, two innovative fuel concepts
with axially heterogeneous plutonium enrichments are investigated: first, a uranium-
plutonium-based (MOX) fuel and second a thorium-plutonium (ThPu) fuel. In both
cases, the plutonium enrichment is decreased in the lower part and increased in the
upper part of the assembly. The favorable microscopic fission fraction of the absorption
cross section for the fast neutrons in the upper part of the active core yields that a suffi-
cient amount of plutonium and other isotopes can undergo a fission reaction. Thus, the
heterogeneous enrichment with plutonium results in a shifting of the power production
and the fuel burnup respectively from the bottom part of the active core to the top part
and is, under certain conditions, axially homogenized.
The thermal hydraulics analysis of the assemblies loaded with the MOX and the ThPu
fuel shows that the arising temperature and heat flux values remain within the licensed
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operational limits and metallurgical requirements. Additionally, the reactivity contribu-
tion of the upper part, which is usually less utilized in a conventional BWR loading and
operation, can be used over the operation period. This causes, in addition to the above
mentioned optimizations, an extension of the operation period of the reactor (higher
capacity factor) and an increase of the depletion of some long-lived isotopes. Finally,
equal or even more favorable reactor physical safety parameters (feedback effects) are
obtained.
For the comprehensive description of the physical mechanisms and associated processes
in the BWR design showing a high level of geometrical complexity, a sophisticated simu-
lation model has been developed encompassing thermal hydraulics, neutronics, and fuel
burnup. First of all, the simulation model is verified using the example of the Gundrem-
mingen A BWR. The operational and design specifications as well as post-irradiation
experiments and analysis are elaborately described in the literature [Man+65], [B+79].
Concerning the simulation model, the used computer codes are chosen on the basis of a
deep analysis of the employed solution approaches of the mathematical equations. It is
figured out that the best solution approaches for thermal hydraulics, neutronics, and fuel
burnup physics are employed by the the finite element code ANSYS [ANS09], MCNP5
[Tea08], and ORIGEN2 [Cro02], respectively. Additionally, the coupling of these codes
shows a high grade of flexibility in the analysis of the calculated results.
1.1 Thesis Organization
At the end of this first, introductory chapter, sketching a classification of this thesis in
the field of nuclear applications, a brief outline of this thesis is provided.
The fundamental physical mechanisms and associated processes which are required for
an appropriate description of a boiling water reactor are summarized in chapter 2. In the
dedicated sections, the fundamentals of BWR core physics, the reactor physical safety
parameters, and the thermal hydraulics of BWRs are introduced.
Once the underlying physics is specified, the mathematical equations for particle trans-
port (in particular neutron transport), fuel burnup, steady state heat transfer, and two-
phase flow are derived in chapter 3. In addition, solution approaches for the particular
mathematical equations used by different commercial analysis tools are discussed at the
end of every dedicated section.
Having available all the necessary information about the reactor physics and moderator
conditions in a BWR core as well as possible solution approaches for the associated
mathematical equations, the eligible simulation tools for an optimum achievement of
the declared goals of this thesis are defined in chapter 4. The chosen tools are the Monte
Carlo code MCNP5 [Tea08] for neutron transport, ORIGEN2 [Cro02] for the isotopic
changes of the nuclear fuel, and the finite element code ANSYS [ANS09] for thermal
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hydraulic analysis. The two subsections focus on the coupling between MCNP5 and
ORIGEN as well as ANSYS and MCNP5. The used linkage tool for the former coupling
is the code VESTA [Hae09] and for the latter a separate individual linkage algorithm is
developed in the MatLab [MAT11] script language.
After the definition of the used computer tools and coupling routines, the design and
operational specification of the Gundremmingen A BWR as well as the calculational
models for the neutron transport and the thermal hydraulics are discussed in chapter
5. The MCNP model describes on the one hand a fuel assembly including the adjacent
control blade and reflecting boundary conditions and on the other hand a core model.
The ANSYS model consists of a 2 dimensional rectangular arrangement of two fuel pins
and one centered cooling channel. For the benchmark and verification of the simulation
model, experimentally obtained concentrations of different isotopes in samples taken
from spent nuclear fuel assemblies and the operational data of the Gundremmingen A
BWR are used.
Based on the developed simulation model, the calculated results of the uranium-plutoni-
um-based fuel (MOX) and the thorium-plutonium-based fuel (ThPu) concepts with ax-
ially heterogeneous enrichment in plutonium are presented in chapter 6. In both cases,
the results of the thermal hydraulic conditions, buildup and depletion rates, power dis-
tribution, and the activity inventory at the end of life (EOL) are shown. Additionally,
the simulation of the neutronics behavior is performed for an homogeneous enrichment
on fuel assembly level with the same initial fuel vector as in the heterogeneous case and
the particular results are compared. Next, simulation results of the reactor physical
behavior, nuclear safety parameters, and the buildup as well as the depletion rates at
core level are provided. At the end of this chapter, the two innovative heterogeneous
fuel concepts are compared with each other as well as with the conventional uranium
dioxide fuels in order to demonstrate the particular benefits and potentials.
A summary and concluding remarks on the presented methodologies and results are
given in chapter 7.
The appendix includes a more comprehensive description of the different solution ap-
proaches and the corresponding approximation techniques as well as mathematical meth-
ods especially for neutron transport, fuel burnup, and thermal hydraulics. Due to its
importance in the scope of this thesis, the Monte Carlo code MCNP is discussed in more
detail. The main focus lies on the general structure and use of MCNP, the associated
nuclear data sets, and the determination of the uncertainty of a Monte Carlo simula-
tion. Next, different figures are provided showing, first, the microscopic cross sections
for the most important isotopes and reactions. Second, thermo physical material prop-
erties of light water, the cladding material, and compositions of the different fuels are
shown which are used by the finite element simulation code. Lastly, the experimentally
obtained isotopic ratios and compositions of the analyzed samples taken from the spent
nuclear fuel assemblies of the Gundremmingen A BWR are presented.
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BWR Physics and Thermal
Hydraulics
The fundamental physical processes and thermal hydraulics which are important for the
design and for the safety behavior of a BWR are lined out in this chapter. Especially, a
description of the complex spectral conditions in a BWR core is given in order to show
the limiting aspects of the fuel utilization with the conventional assembly enrichment.
Particular stress is put on commonly used optimization strategies of the operators of ex-
isting BWRs. In this context, the idea of the newly developed and investigated innovative
fuel concepts as an additional strategy is emphasized. With regard to the safety features,
the most important reactor physical safety coefficients are discussed. The sections 2.1.1
and 2.3 are mainly based on [Lew08]; [LB01] and [Tho10] respectively.
2.1 Fundamentals of BWR Core Physics
2.1.1 Nuclear Reactions and Cross Sections
As a result of a nuclear fission reaction, a recoverable energy of approximately 200MeV is
released and distributed to the fission fragments, two or three fission neutrons, direct and
delayed gamma radiation, delayed beta radiation, and a neutrino. With the exception
of the energy of the neutrino, this energy is converted to heat nearly instantaneously
as the reaction products interact with the surrounding media. The type of interaction
and heat production respectively depends on whether the fission product is electrically
charged or neutral.
The charged fission products such as the highly-energetic fission fragments and betas
are affected by the electric fields generated by the electrons in the atom shells and
the protons in the nuclei. Hence, a strong interaction with the surrounding atoms or
molecules and a very local deposition of the energies in the form of heat is observed.
The range of these interactions depends strongly on the mass of the specific particle
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and amounts to typically a few microns for the heavy fission fragments and up to a few
centimeters for the lighter beta particles.
The uncharged fission products such as the neutrons, gammas, and neutrinos are not
affected by any surrounding electric fields and thus travel in straight lines. The neu-
trinos hardly interact with the surrounding materials and their energies are not to be
considered. The emitted gammas mainly interact with the electrons in the shells, and
the neutrons solely with the nuclei of the surrounding atoms or molecules. These inter-
actions cause either absorption or scatter reactions.
In the case of neutron absorption, a compound nucleus is generated and, as a conse-
quence of the de-excitation, various secondary particles such as gammas, protons, or
alpha particles are emitted. Furthermore, a subsequent fission reaction of the compound
nucleus is likely to occur causing in turn the production of a new generation of fission
neutrons.
The probability of the occurrence of a nuclear reaction is described by the microscopic
cross section which is given in barns [1 barn=10-24 cm2]. Using the example of uranium-
235, the typical dependency of the total and fission microscopic cross sections for isotopes
with an atomic mass greater than 10 amu versus the incident neutron energy is shown
figure 2.1.
Fig. 2.1: Energy-dependent microscopic total and fission cross sections of uranium-235
[Cha+06]
The microscopic cross section can be subdivided into three energy regions: thermal
or 1/v, epithermal or resonance, and fast or high-energetic. During a fission reaction,
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two or three high-energetic neutrons are emitted with energies between 1 and 2MeV,
but their reaction probability with the surrounding nuclei is considerably low. In the
epithermal range, the energy of the neutron is in the same order of magnitude as the
internal excitation energy of the compound nucleus. Thus, in case of matching energy,
angular momentum, and parity, the neutron is much more likely undergoing a nuclear
reaction. The individual shapes of these resonances can be described with the Breit-
Wigner equation as discussed in [Pea61] and has attached significant importance to for
reactor physical safety considerations as will be described in section 2.2. The thermal
energy range is characterized by the dependency on the inverse velocity of the incident
neutron and is exponentially increasing with decreasing energy.
2.1.2 Spectral Effects in BWRs
The overall neutron spectrum within a BWR core is mainly composed of a fast fission
spectrum as well as, after moderation, a thermal spectrum originating from the nuclear
fuel and the coolant, respectively (figure 2.2). Because of the increasing void fraction in
the coolant channel with increasing height (see chapter 2.3), fewer scattering reactions
between the fission neutrons and the moderator molecules can occur in the top part of
a BWR and hence the fraction of thermal neutrons decreases. In order to demonstrate
this effect, the normalized neutron spectra at different axial positions obtained with a
probabilistic simulation code (see appendix A) are shown in figure 2.2.
The thermal power in a conventional BWR is mainly produced in areas of the core
where the moderation of the fast fission neutrons is more efficient resulting in a higher
fuel utilization and burnup respectively. The common strategies of BWR operators to
overcome the fuel utilization and burnup issues are:
1. lower enrichments in uranium-235 of the bottom and the top fuel pellets
2. shortening of some fuel rods in the assembly of about one-third
3. omitting central fuel rods resulting in an axial water gap through the assembly
As a consequence of these strategies, the efficiency of the heat transfer from the rods
to the coolant is increased and, in case of bullet point two and three, the moderator to
fuel volume ratio is increased resulting in an overall more thermal neutron spectrum.
Additionally, fuel and manufacturing costs for the assemblies are reduced.
The axially varying uranium-235 content, either due to the varying enrichment or due
to the omission, lead to an increase of the margin to thermonuclear instability. In
particular, a lower enrichment of the bottom fuel pellets stabilizes the reactor operation
because a lower one-phase pressure drop and less negative void coefficients are observed
as reported in [Hen99] and [Dem00]. For the top fuel pellets a lower enrichment, or
most commonly used natural uranium, decrease the neutron leakage and optimizes the
7
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Fig. 2.2: Normalized neutron spectra at different axial positions in the center of a BWR
core
power distribution in the case of high power densities. However, all strategies result in
a reactivity loss of the core causing amongst others a lower capacity factor.
The aim of this thesis is the investigation of a fourth optimization strategy which is
based on the given favorable microscopic fission fraction of the absorption cross section
for fast incident neutrons for some actinides. In particular, two innovative fuel concepts
with axially heterogeneous plutonium enrichments are investigated: first, a uranium-
plutonium-based (MOX) fuel and second a thorium-plutonium-based (ThPu) fuel. The
fission fractions of the absorption cross sections are shown for the class of conventional
fissile isotopes in figure 2.3 and for relevant actinides in terms of reactor physical aspects
and long half-lifes in figure 2.4.
The fissile isotopes (Fig. 2.3) show an almost constant fission fraction of absorption cross
section, whereas the particular value in thermal energy range gets lower the heavier the
isotope is. The other actinides (Fig. 2.4) show a different behavior and are virtually
not fissile with thermal neutrons. However, the higher the incident neutron energy is
the higher the fission fraction of absorption cross section gets. For all isotopes, it has to
be considered that in the very high energy range, above 1MeV, the reaction rates of all
actinides are dominated by fission reactions.
In the case of a BWR, the favorable microscopic fission fraction of the absorption cross
section for the fast neutrons in the upper part of the active core yields that a sufficient
8
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Fig. 2.3: Fission fractions of the absorption cross sections for the class of conventional
fissile isotopes [Cha+06]
Fig. 2.4: Fission fractions of the absorption cross sections for reactor physical important
isotopes with long half-lifes [Cha+06]
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amount of plutonium and other isotopes can undergo a fission reaction. Thus, the het-
erogeneous enrichment with plutonium results in a shifting of the power production and
the fuel burnup respectively from the bottom part of the active core to the top part and
is, under certain conditions, axially homogenized. Additionally, the reactivity potential
in the upper part, which is usually less utilized in a conventional BWR loading and
operation, can be released. This release causes, in addition to the above mentioned opti-
mization strategies, an extension of the operation period of the reactor (higher capacity
factor) and an increase of the depletion of some long-lived isotopes as will be shown in
chapter 6.
2.2 Reactor Physical Safety Parameters
During the operation of a nuclear reactor, the operator is able to adjust, in accordance
with safety and operational requirements, the position of the control blades and the
internal recirculation flow rate allowing a safe and steady state operation. However,
all these changes have a direct influence and feedback on the reactivity of the reactor
core. The reactivity generally depends on the type of nuclear fuel, the arrangement and
geometry of the fuel rods, the position of the control blades, the moderator conditions,
and the temperature in the different materials. The reactivity feedback is based on
changes in the fuel composition due to the irradiation during the reactor operation, on
the above mentioned operational adjustments, and finally on sudden accidental incidents.
In all of these cases, the temperature of the system components and of the nuclear fuel
rods change resulting in a shifting of the neutron spectrum and/or resonance broadening
of the cross sections. All these parameters or rather the variation of the operational
conditions are therefore important for the safety behavior of the reactor. The reactivity
feedback effect is expressed in terms of safety coefficients α and is specified for every
individual effect ν as:
αν =
dρ
dν
≈ 1
k
dk
dν
, (2.1)
where ρ is the reactivity and k is the neutron multiplication factor of the system.
The safety coefficients with respect to the temperature are also called Doppler coefficients
because they are physically based on the Doppler broadening of the resonance lines of
the microscopic cross sections as discussed in [Pea61]. This broadening as a function of
different temperatures of the nucleus and energy of the neutron is schematically depicted
in figure 2.5.
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Fig. 2.5: Doppler broadening of a resonance line of a microscopic cross section as a
function of neutron energy and temperature of the nucleus
Finally, the shutdown margin is an important indicator for the safety of a BWR because
it determines the instantaneous amount of reactivity by which a reactor is subcritical
or would be subcritical from its present condition assuming all control rods are fully
inserted except for the single rod with the highest integral worth, which is assumed to
be fully withdrawn. [ML11]
As provided by the safety authorities, a shutdown margin between 1% to 5% is typically
required for BWRs which has to exist during the entire reactor power operation. The
reason is that enough negative reactivity capable of being inserted by the control rods
have to be available to ensure a complete shutdown during the BWR lifetime. During
the insertion of the absorber blades into the reactor, almost all thermal neutrons are
absorbed. However, if the amount of fission reactions is decreased, the temperature of the
coolant, the temperature of the fuel, and the void fraction of the coolant instantaneously
decrease causing in turn an increase in the reactivity. The shutdown margin indicates
the level of subcriticality after the shutdown to cold conditions and decay of the reactor
poisoning. [ML11]
The final reactivity, after inserting the control blades, can be calculated using
ρnew = ρcb+∆ρvoid+∆ρtemp,fuel+∆ρtemp,coolant = ρcb+αv∆v+αT,f∆Tf+αT,c∆Tc, (2.2)
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where ρcb is the reactivity of the core directly after the shutdown when the control blades
are fully inserted and the temperature and the void fraction of the fuel and coolant
remain unchanged. Furthermore, the final reactivity depends on the safety coefficients
αv, αT,f , and αT,c for the void fraction, the temperature of the fuel, and the temperature
of the coolant, respectively. Lastly, ∆v, ∆Tf , and ∆Tc denote the corresponding changes
in the void fraction, the temperature of the fuel, and the temperature of the coolant,
respectively.
In conclusion, the shutdown margin (SDM) is calculated with
SDM =
(1− ρcb) ρnew
(ρnew − 1) (2.3)
2.3 Thermal Hydraulics of BWRs
One of the major features of a BWR is the relatively low pressure in the cooling circuit.
Additionally, the metallurgical requirements on the fuel and the cladding materials are
moderate because the maximum operating temperature of a boiling coolant system is
lower than for non-boiling systems. The operation of this reactor system in a safe and
equilibrium state is characterized by the minimum variation of the reactor physical and
thermal hydraulic conditions. In order to control this steady state, the large amount
of heat being released directly or delayed during the fission reactions in the nuclear
fuel has to be removed from the system. This removal is realized by the circulation
and recirculation of light water through the primary cooling circuit and the reactor
pressure vessel respectively. To achieve optimum cooling conditions with a high level of
operational efficiency and safety margins, the design of the primary cooling circuit and
the core are the main challenges for modern BWR plants.
2.3.1 Heat Removal from BWR Cores
The fission reactions in the nuclear fuel are responsible for the generation of heat which is
mostly absorbed by the fuel locally and transferred to the fuel rod surface via conduction.
Conductive heat transfer means the transmission of heat from one point to another
point within a solid structure without macroscopic movement. The circulating light
water absorbs the heat from the fuel rod surface mainly via convection. Convective
heat transfer means the removal of heat from a solid surface to a flowing fluid or gas
and the transport of this heat at another location. This heat absorption causes a phase
transition of the coolant under the existing pressure conditions in the BWR primary
cooling circuit. In addition, heat transfer is also possible via thermal radiation from a
solid structure of higher temperature to the surrounding area. However, heat loss due to
thermal radiation does not significantly contribute to heat removal under steady state
12
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conditions. Figure 2.6 schematically depicts the most important heat transfer processes
in the BWR core.
Fig. 2.6: Most important heat transfer mechanisms in the BWR core
2.3.2 Boiling Heat Transfer
The absorption of heat from the cladding surface via convection is characterized by
different heat transfer mechanisms depending on the overheating condition of the fuel
cladding compared to the pressure-dependent saturation temperature of the fluid. In
this context, the quantity of interest is the heat flux from the cladding surface to the
passing fluid, because the temperature regions in which the steady state operation of
the reactor is ensured can be determined. The heat removal as a function of the surface
temperature can be classified into different boiling regimes as shown in the Nukiyama
curve in figure 2.7.
The Nukiyama curve shows that the heat flux q′′ per unit surface from the rod to a
liquid fluid is slightly increasing at low surface temperatures due to ordinary single-phase
13
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Fig. 2.7: Nukiyama curve: heat flux q′′ from a heated fuel rod surface to a passing liquid
coolant as a function of the surface temperature T of a fuel rod for a given
system pressure and flow rate
convection (A-B). This single-phase is stopped with the onset of nucleate boiling or local
boiling (TLB) in particular.
With increasing surface temperature, bubbles of vapor begin to form at various imper-
fections on the surface of the rod. This formation in the particular temperature regime
is called local boiling or subcooled nucleate boiling. Due to the turbulent flow of the
coolant, the formed bubbles drift into the bulk of the coolant. In the case of a bulk
temperature which is less than the saturation temperature of the fluid, the bubbles in-
stantaneously disappear and condense back to the liquid state. As a consequence, no
net production of steam takes place under these conditions. If the amount of heat flux
into the flowing coolant is sufficient such that the temperature of the bulk is equal or
greater than the particular saturation temperature, the bubbles continue to exist and
cause a net production of steam. The bubbles are then distributed throughout the fluid
which is designated as bubbly flow. In the case of high flow rates and high concentrations
of the bubbles, the center region does not contain any coolant and is only surrounded
by an annular liquid flow. The existence of bubbles also in the hot bulk is called bulk
boiling or saturated nucleate boiling.
The threshold temperature at point C of nucleate boiling is called departure from nucleate
boiling (DNB). It indicates the critical heat flux value (CHF) of the materials and may
not be exceeded during the operation of the reactor. The critical heat surface load
14
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depends strongly on the system pressure and has its optimum value at about 70 bar for
light water, hence, this is the optimum pressure for the operation of a BWR [ElW62].
Between the DNB and point D, the coolant film, which covers the rod surface, partially
starts to boil (partial film boiling) resulting in a sudden decrease of the heat flux in
this temperature range. The reason is that the heat is mostly dissipated by conductive
heating of the steam and thermal radiation, which are considerably less efficient in
comparison to convective heat transfer. As a consequence, the surface temperature of
the material increases inordinately.
In case of a further increasing temperature beyond the point D, a full film boiling is
observed resulting in an increase of the heat flux. The reason is that the high temperature
compensates for the inefficiency of the conduction and the radiation transfer processes.
The above described heat transfer processes and the particular flow patterns that are
taking place in a BWR are shown in figure 2.8.
Fig. 2.8: Heat transfer and flow patterns in a vertical tube at low mass flow densities/
heat surface load in a BWR [ZA13]
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Mathematical Description and
Analysis Codes
The fundamental mathematical equations describing the physical mechanisms that were
discussed in chapter 2 are derived and the general approaches for the numerical solution
of the particular equations employed by various analysis tools are briefly explained in
this chapter. Further details can be found in the appendices A, B, and C encompassing
the numerical methods employed by the used codes in this work for particle transport,
fuel burnup, and thermal hydraulics, respectively. Due to the particular importance,
the Monte Carlo code MCNP is further introduced in appendix D. At the end of every
dedicated section, a selection of available computer codes for the specific problem is given.
3.1 Particle and Radiation Transport
The flux distribution ~φ of a particle within a system can be described with
~φ (~r,~v, t) = n (~r, t) ~u (~r,~v, t) =︸︷︷︸
~u=u0~Ω
n (~r, t)u0 (~r, t) ~Ω (~r,~v, t)
=
∫
~v (~r, t) f (~r,~v, t) dv,
(3.1)
in which ~r points to any coordinate point, ~v is the velocity, t is the time, n is the particle
density in [1/cm3], ~Ω is the angular vector of the average velocity ~u, u0 is the scalar
velocity and f is the particle distribution function in [s/cm4].
In particle transport theory, the behavior of the particles within a system is represented
by the total derivative of the particle distribution function f with respect to time. This
is generally called a kinetic approach and leads to the time-dependent particle transport
equation or Boltzmann equation as described in [BG70].
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3.1.1 Time-Dependent Neutron Transport Equation
Neutrons have no electric charge and, hence, basically no external force is acting on them
except the gravitational force which can be neglected. Thus, the Boltzmann equation is
reduced to
∂f
∂t
+ ~v · ∇f = ∂f
∂t
∣∣∣∣
r
, (3.2)
where the right hand side represents the changes in the distribution function f due to
any kind of reaction r. Taking the zeroth order moment of this equation and using
∫
fdv = n and n~u =
∫
~vfdv,
leads to
∫
∂f
∂t
dv+
∫
~v · ∇fdv = ∂
∂t
∫
fdv+∇ ·
∫
~vfdv =
∂n
∂t
+∇ · (n~u) =
∫
∂f
∂t
∣∣∣∣
r
dv. (3.3)
Assuming that the divergence of the velocity field vanishes
∇ · (n~u) = ~u · ∇n+ n∇ · ~u︸ ︷︷ ︸
=0
= ~u · ∇n
and introducing the scalar flux ϕ with ~φ =
∫
ϕd~Ω, the Boltzmann equation 3.2 yields
1
u0
∂
∂t
ϕ
(
~r, E, ~Ω, t
)
+ ~Ω · ∇ϕ
(
~r, E, ~Ω, t
)
= G− L (3.4)
The zeroth order moment of the reaction term on the right hand side of equation 3.3
yields to a source term G and a loss term L.
The source term G contains, on the one hand, particles being scattered from energy E ′
to E and, on the other hand, particles being directly produced with energy E, either as
fission neutrons or by an external neutron source. Thus, G can be defined as
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G =
∞∫
0
∫
4pi
Σs
(
~r, E ′ → E, ~Ω′ → ~Ω, t
)
ϕ
(
~r, E ′, ~Ω′, t
)
d~Ω′dE ′
︸ ︷︷ ︸
scatter
+
χf (E)
4pi
∞∫
0
νt (E
′) Σf (~r, E ′, t)
∫
4pi
ϕ
(
~r, E ′, ~Ω′, t
)
d~Ω′dE ′
︸ ︷︷ ︸
fission
+ se
(
~r, E, ~Ω, t
)
︸ ︷︷ ︸
external source
,
(3.5)
where Σs is the macroscopic double differential scattering cross section, χf the energy
spectrum of the fission neutrons, and νt the total average number of neutrons released
after fission (prompt and delayed).
The loss term L represents all channels in which neutrons lose energy or are absorbed
due to scattering, capture, as well as fission and is defined as
L = [Σs (~r, E, t) + Σc (~r, E, t) + Σf (~r, E, t)]︸ ︷︷ ︸
=Σt(~r,E,t)
ϕ (~r, E, t) = Σt (~r, E, t)ϕ (~r, E, t) , (3.6)
in which Σs, Σc, and Σf denote the macroscopic scattering, capture, and fission cross
section, respectively.
In conclusion, the kinetic approach leads to the particle transport equation, which de-
scribes the change of the particle distribution function with respect to time due to
nuclear reactions. After integrating over the velocity space and replacing u0 with v, the
Boltzmann equation for neutrons can be expressed as [Hae09]:
1
v
∂
∂t
ϕ
(
~r, E, ~Ω, t
)
= −~Ω · ∇ϕ
(
~r, E, ~Ω, t
)
− Σt
(
~r, E, ~Ω, t
)
ϕ
(
~r, E, ~Ω, t
)
+
∞∫
0
∫
4pi
Σs
(
~r, E ′ → E, ~Ω′ → ~Ω, t
)
ϕ
(
~r, E ′, ~Ω′, t
)
d~Ω′dE ′
+
χf (E)
4pi
∞∫
0
νt (E
′) Σf (~r, E ′, t)
∫
4pi
ϕ
(
~r, E ′, ~Ω′, t
)
d~Ω′dE ′
+ se
(
~r, E, ~Ω, t
)
(3.7)
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3.1.2 Solution Approaches for Neutronics
Neutronics codes have the capability to provide solutions of the (simplified) neutron
transport equation 3.7. Because the neutron transport equation is a non-linear (cross
section and angular dependency), integro-differential equation depending on seven vari-
ables, it is not possible to solve it analytically for real reactor geometries including single
fuel pins, cladding, fuel boxes, and detailed thermal hydraulic conditions. However, de-
pending on the required level of the geometrical resolution, neutronics processes, and
considered fuel, absorber, and moderator configurations, codes based on deterministic
and stochastic methods are available.
Deterministic Methods
Codes based on deterministic methods numerically solve different representations of the
neutron transport equation. These representations are obtained after the discretization
of the phase space and a replacement of the angular integration by either a numerical
integration with N + 1 nodes (SN method) or a Legendre expansion with respect to the
angular dependency (PN, double-PN, or BN methods). In the latter method, N specifies
the number of considered Legendre polynomials. Special attention is paid to the P1
method because the diffusion equation, which is solved by many analysis codes, can be
derived from it. In the case of solving the diffusion equation, these codes are often called
diffusion codes in the literature.
The most common approach of deterministic methods is the SN method which is a
special case of the discrete ordinates method [Dow+04]. For obtaining the solution of the
neutron flux distribution, the phase space is subdivided into small volumes and particles
can move from one volume to another. Due to the angular- and energy-dependency of
the neutron transport equation, the angle is discretized in different segments (S4, S8, or
S16). For each angle segment, corresponding weighting factors are employed which are
taken from associated nuclear data libraries. By this way, anisotropic neutron scattering
and transport are taken into account. The process of obtaining the numerical solution
is carried out within every individual energy group under the considerations of up and
down scattering effects by the coupling of the different transport equations in every
energy group. However, conditions such as material composition, temperature, and
density are averaged over an entire volume and, in order to account for local effects,
these volumes have to be adjusted to the level of geometrical resolution or rather given
configuration.
Besides the P1 method, the diffusion equation can be obtained with a simplification
of the Boltzmann equation by integrating over the angular component and the energy
leading to the neutron balance equation which has two unknowns: the neutron current
and the neutron flux. Thus, Fick's law is applied which relates the neutron current to
the flux resulting in the final diffusion equation as described in [LB01]. The solution
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of the diffusion equation provides the neutron flux distribution and is obtained by us-
ing energy-dependent macroscopic cross section data. Other quantities such as energy
deposition or reaction rates can be obtained by calculating the respective expectation
values. The validity and applicability of this diffusion model require that the medium is
not strongly absorbing, scattering is isotropic in the laboratory system of coordinates,
and the neutron density and hence flux does not vary significantly over the mean free
transport path [Dow+04]. Because of the energy-dependence of the macroscopic cross
section data represented by energy groups, the flux is energy-dependent as well. Early
diffusion codes usually used a two energy group structure (fast and thermal) which have
been modified to multi-groups realized in most of the codes.
However, the diffusion approximation is only valid for homogenized problems. This
means, the geometrical resolution has to be set to a level where the fuel, moderator,
absorber, and cladding are condensed to one object. For general and simple reactor
systems showing a relatively homogenous distribution of materials, diffusion codes pro-
vide an appropriate way of modeling and simulation. For other configurations, such as
boiling water reactors where the moderator density and the power distribution show a
high inhomogeneity, the diffusion approximation is not capable of performing reliable
and comprehensive studies. Therefore, a lot of effort is done to benchmark diffusion
codes with codes based on stochastic methods (e.g., Monte Carlo method) because these
codes are basically accepted as the representation of a real experiment (see appendix
A).
Available deterministic codes are amongst others ATTILA [WMM97] and DORT-TD
[Tyo07] and available diffusion codes are DYN3D [RGK07], PANBOX [San+02], and
SIMULATE [BL09].
Stochastic Methods
The Monte Carlo method is the most common stochastic (or probabilistic) method.
Analysis tools applying this method do not directly solve mathematical equations such
as deterministic codes, but can be used for approximate solutions for a wide range of
mathematical and physical problems. Because of the stochastic character of nuclear pro-
cesses, the approximate solutions are obtained by the analysis of individual simulated
particle tracks through a transport medium. The individual tracks or particle histories
are simulated with a random number generator and subsequent sampling from prob-
ability distribution functions (PDFs) which are derived from associated nuclear data.
The random numbers have to be independent and identically distributed (i.i.d) and are
therefore Poisson processes.
Monte Carlo methods are based on three fundamental laws: the (weak) law of large
numbers, the central limit theorem (CLT), and the weight conservation law. The first
two laws assure that taking the average of a lot of simulated particle tracks based on
PDFs and i.d.d. random numbers give the limit to the real physical quantity (weak law
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of large numbers) and the uncertainties will be normally distributed if enough samples
are taken into account (CLT).
The resolution of the associated nuclear data such as cross sections shows for the most
important isotopes an ultra-fine energy grid resulting in an approximately continuous
energy profile (see section A.3). With this information, particle histories can be tracked
throughout a complex geometry leading to a considerable amount of computer time; the
higher the grade of complexity, the better for observing accurate results. Further details
on the Monte Carlo method can be found in appendix A.
Available Monte Carlo codes are amongst others: MCNP5 [Tea08], MCNPX [Pel11],
SCALE [Bow12], and GEANT [A+03]; [All+00].
3.2 Fuel Burnup Equation
The macroscopic cross sections of reaction r introduced in section 3.1 are functions of
the atomic densities ni (~r, t) of a present atom i depending on the spatial position and
time as well as the energy-dependent microscopic cross section σ(E):
Σr (~r, E, t) =
∑
i
ni (~r, t)σr (E). (3.8)
Hence, if the atomic densities vary due to depletion or buildup reactions with a neutron
radiation field and natural decay, the macroscopic cross sections and the reaction rates
RRr (~r, E, t) = Σr (~r, E, t)ϕ (~r, E, t)
vary as well.
Thus, for the burnup analysis of nuclear reactor fuels, it is essential to determine the
spatial-dependent buildup and depletion of the fuel composition. The six most important
neutron reaction types that have to be considered for actinides, fission products, and
activation products are compiled in table 3.1
Based on these reactions and the associated cross sections, the buildup and depletion of
the fuel composition can be calculated with the particle balance equation or Bateman
equation [Hae09]:
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Reaction type MT number Actinides Fission/activation pr.
(n,γ) 102 X X
(n,2n) 16 X X
(n,3n) 17 X
(n,α) 107 X
(n,fission) -6 X
(n,p) 103 X
Tab. 3.1: The six most important neutron reaction types with respective MT number
(reaction type identifier in the nuclear cross section data) of the actinides,
fission, and activation products for burnup calculations
d
dt
ni (~r, t) =
∑
j 6=i
Lijλjnj (~r, t)− λini (~r, t) +
∑
j 6=i
∑
r
∫
nj (~r, t)Yi,j,r(E)σj,rφ (~r, E, t) dE
−
∑
r
∫
ni (~r, t)σi,r(E)φ (~r, E, t) dE,
(3.9)
in which ni is the atomic density of nuclide i, λi is the total decay constant of nuclide i,
Lij is the decay branching ratio of nuclide j to nuclide i (the fraction of all disintegrations
of nuclide j resulting in the creation of nuclide i), Yij,r is the yield of nuclide i for reaction
r on nuclide j (the amount of nuclide i created in a reaction r on nuclide j), and σi,r is
the microscopic cross section of nuclide i for a reaction r.
The balance equation is non-linear because the isotopic density and neutron fluxes
changes during the operating cycle of the reactor, but can be solved numerically if
the time step of interest is either small or the variations are slow. In this case, the cross
sections and neutron flux can be considered to be constant and the balance equation
becomes a homogenous set of simultaneous first-order ordinary differential equations.
3.2.1 Solution Approaches for Fuel Burnup
Computer codes solve the particle balance equation 3.9 for an isotopic composition
exposed to a given neutron flux or a pre-defined generated power and time by using dif-
ferent but basically general numerical approaches. For instance, referring to [HW08], the
transmutation code CINDER [Wil+95], generally used for accelerator driven systems,
linearizes the coupled differential equations using the Markovian property: given the
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current state, the future is independent of the past. In this way, the evolution of the
system is broken into chains representing every possible reaction path and the total
atom densities are obtained by solving for the partial concentrations of each nucleus in
a specific linear chain, considering all of these possible chains, and summing up these
concentrations. The fuel burnup code ORIGEN [Cro83] uses, depending on the decay
constant of the nuclide, the matrix exponential method and the asymptotic solution
of the nuclide chain for the solution of the Bateman equations. Additional quantities
are the isotope-specific radioactivity, activation, thermal power, radioactive and chemi-
cal hazards (inhalation and ingestion), and emitted gamma spectra. Further details on
these numerical solution methods can be found in the appendix B. Other fuel burnup
codes are amongst others: FISPACT [SEM12] and SCALE [Bow12].
3.3 Steady State Heat Transfer and Two-Phase Flow
The mathematical description of the most important heat transfer mechanisms and the
two-phase flow for the steady state thermal hydraulic simulations consists of an equation
system for:
 the rate of energy production by fission processes (fuel)
 the energy deposition from gamma-rays (entire system)
 the conductive heat transfer (fuel and coolant)
 the fluid flow and convective heat transfer (coolant)
The different heat transfer mechanisms appear in numerous forms such as heat gen-
eration and the attenuation of the heat within solid structures, fluids, and solid/fluid
combinations. The physical background of these mechanisms is discussed in chapter 2.
In the following sections, q′′′, q′′, q′, and q denote the power density in [W/cm3], the
heat flux in [W/cm2], the linear power in [W/m], and the heat transfer rate in [W],
respectively.
3.3.1 Fission Rate and Energy Deposition
The base equation for heat transfer is the spatially distributed rate at which fission
occurs in the fuel because it is the main source for the heat generation. For any point
in the system where fissile isotopes exist, the fission rate can be expressed by
q′′′ (~r) = Ed
∞∫
0
Σf,r(E)φ (~r, E) dE, (3.10)
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in which ~r denotes a vector to a volume where fissile isotopes are located, Ed is the energy
deposited locally in this volume, Σfr is the energy-dependent macroscopic fission cross
section, and φ is the spatial- and energy-dependent neutron flux [LB01]. Microscopic
neutron-induced fission cross sections for the most important reactor physical isotopes
can be found in the appendix E.
Gamma-rays are emitted either directly during fission and absorption reactions or indi-
rectly from the decaying radioactive fission fragments and the compound nuclei. The
energy deposition from the longer range gamma-rays amounts to approximately 7% of
the recoverable energy of which 30% in turn is absorbed in the fuel. The rest is assumed
to be evenly distributed throughout the entire reactor system. In principle, the heat
density can be determined by evaluating the integral
q′′′ (~r) =
∞∫
0
φγ (~r, Eγ)Eγµa (Eγ) dEγ, (3.11)
where φγ is the spatial- and energy-dependent gamma-ray flux, and µa is the linear
absorption coefficient [LB01]. The computation of the integral 3.11 is challenging because
of different energy-dependent interaction processes of gamma-rays with matter such
as excitation, photoelectric effect, Compton scattering, pair production, nuclear photo
effect, and photodisintegration. Details of these mechanisms can be found in [Jev09].
3.3.2 Conductive Heat Transfer
The main fraction of energy released by a fission reaction goes to the fission fragments,
which locally deposit their (kinetic) energy in the form of heat very close to the point
of fission. The generated heat moves to the colder surface of the fuel rod without any
macroscopic movement of the fuel or cladding. This is called conductive heat transfer
and can mathematically be expressed with Fouriers law of heating:
q′′′d (~r) = ∇ · (−k∇T ) , (3.12)
where k is the thermal conductivity and T is the temperature [LB01].
In comparison to solid materials, the thermal conductivity of liquids and gases is very
small, thus, the conductive heat transfer is extremely inefficient in the cooling channel of
a BWR. For instance, regarding to figure F.3 and F.5 in appendix F, the thermal conduc-
tivity in the given temperature range of the cladding has a mean value of 23W/(m·K),
and the mean values of water and vapor are 0.621W/(m·K) and 0.0754W/(m·K), re-
spectively.
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3.3.3 Convective Heat Transfer
The produced heat in the fuel pins has to be absorbed and removed out of the reactor
by a coolant. The main mechanism for this heat absorption and removal is convection
and can generally be described with Newtons law of cooling. More precisely, convection
is a general term including advection and diffusion. Diffusion processes can be neglected
because of the fast bulk movement of the coolant which is orders of magnitude higher
than the diffusion movement of the molecules. For the simulation of thermal hydraulics
in a BWR, the convective heat transfer is therefore represented by the advection equation
q′′′a = ρCp~u · ∇T, (3.13)
where ρ is the density of the fluid, Cp is the specific heat capacity at a constant pressure,
and ~u is the vector field describing the fluid flow. In case of the nuclear fuel where
approximately no macroscopic movement is observed, the vector field vanishes and no
heat is removed by convection.
The vector field ~u in the advection equation 3.13 describes the fluid flow through the
reactor core caused by the recirculation pumps and natural convection. This vector field
is governed by the steady flow Navier-Stokes equation [Bat02]:
ρ (~u · ∇) ~u = ∇ ·
[
−p~I + η
(
∇~u+ (∇~u)T
)]
+ ~F , (3.14)
where p is the pressure, ~I is the identity matrix, η is the dynamic viscosity, and ~F is the
volume force (e.g., gravity).
3.3.4 Solution Approaches for Thermal Hydraulics
Thermal hydraulic codes for nuclear applications provide information about the behavior
and the interaction of the coolant with the system components. In this context, espe-
cially two-phase flow analysis, thermal hydraulic response to e.g., reactivity changes,
reactor kinetics, transients, and heat transfer are of interest. For these applications,
several coupled mathematical equations have to be solved for the liquid (fluid and steam
phase), for the interaction between the adjacent boundaries, for non-condensable gases,
and for the boundaries (e.g., walls) themselves. The equations are convection, conduc-
tion, Navier-Stokes, friction, and balance equations (conservation of mass, energy, and
momentum). Depending on the main goals and level of thermal hydraulic analysis, the
balance equations are coupled with (point-) kinetic equations and are solved by finite
element, system, and sub-channel codes.
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Finite Element Codes
The finite element method (FEM) is capable of solving approximately every system of
coupled differential equations and is almost independent from the complexity of the
geometry. It is therefore a powerful and flexible method for multi physics problems,
not only thermal hydraulics, in complex geometries. The geometry is discretized into
mesh elements in the form of triangles, quadrilaterals or other simple convex polygons
depending on the geometrical shape. The solutions are then numerically obtained for
every mesh point and in the space between by interpolation. The interpolation functions
can be chosen by the user. The resolution of the model and the mesh size are user-defined
as well, and both have a direct influence on the convergence of the solution. Finite
Element codes are very flexible because results are obtained for every mesh point (with
the same uncertainty depending on the applied convergence criteria) and every equation
of interest can be added to or removed from the equation system. If necessary, the
parameters of the equations can be optimized for the given problem taking into account
e.g., the two-phase flow of fluids. Further details on the FEM can be found in appendix
C.
Available FEM codes are amongst others: ANSYS [ANS09] and COMSOL [Gmb08].
System and Sub-Channel Codes
System or best-estimate thermal hydraulics codes take their name from the associated
coupled system of different mathematical equations. These equation describe multi-
physics processes and obtaining the solution is based on the lumped parameter approach
which means: the system of equations encompasses the two-phase flow and consists, for
one-dimensional simulations, of at least six balance equations (mass, momentum, and
energy conservation for liquid and vapor) and one mass conservation equation for non-
condensable gas. For this kind of simulation the entire reactor (primary and secondary
components) has to be merged to a one-dimensional model. For three-dimensional sim-
ulations the interaction between the two-fluid-model and the adjacent wall (boundary
condition) has to be taken into account. The simplest approach is the homogeneous
equilibrium model (HEM) which adds the friction loss and the heat transfer relations
at the boundary surfaces to the equation system [Cet10]. More complex models contain
seven additional equations: three balance equations for the interface between fluid and
wall, and energy and momentum transfers at the wall for the liquid and steam phases.
For a full description of the problem, the balance equations are coupled with neutron
kinetics and heat transfer equations. [PA08]; [Waa06].
Sub-channel codes divide the reactor core system into sub-assemblies and these are in
turn divided into sub-channels representing fuel rods and/or water channels. The same
equations as for the system codes are solved for special control volumes that are in the
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same scale as the sub-channels. By this way, multi-physics and coupled simulations lead
to results for three-dimensional geometries as well.
Available system and sub-channel codes are amongst others: ATHLET [Ges12], RELAP
[The99], and CAPE-BWR/PWR [Nai+02].
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Applied Methods and Simulation
Model Development
Different computer codes for nuclear simulations are available such that a process of
figuring out the codes of choice with regard to the demanded result is necessary. Most
of these codes encompass particular reactor physics models and are applicable within a
certain validity range. The more complex the physics models get and the bigger the devi-
ations from the particular applications, the lower is the reliability of the results and also
the flexibility in the simulation process. On the other hand, some sophisticated codes
have been developed for a wide range of applicability by embedding different models with
a high level of flexibility. However, the use of such codes is associated with a high amount
of effort on the calculational model and simulations. In this chapter, the employed codes
are mentioned and the functionality of their coupling algorithms is described. The prob-
abilistic and numerical solution approaches of these particular codes are discussed in the
appendices A, B, and C.
4.1 Used Codes and Coupling Pattern for BWR
Analysis
The broad range of thermal hydraulics, neutronics, and fuel burnup simulations required
for high-detailed studies of the behavior of a boiling water reactor cannot be covered by
one single computer code, especially not with the demanded precision as well as within
the level of accuracy. The main reasons are:
1. the complex design of the fuel assemblies containing fuel pins, cladding material,
the square fuel box, as well as absorber blades
2. temperature-dependent thermal hydraulic quantities such as heat capacity and
thermal conductivity as well as varying material properties of the coolant, the
cladding, and the fuels
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3. the time-dependent neutron flux and power distribution within the reactor core
However, the solution of the associated mathematical equation system can be obtained
by the coupling of different computer codes which individually focus on particular equa-
tions and physical mechanisms respectively. This way is the most common approach for
reactor physics and thermal hydraulics analysis.
Referring to the discussion of the possible solution approaches of the Boltzmann equa-
tion for neutron transport in section 3.1.2, a major shortcoming of the deterministic
methods is that not all physical processes occurring in the reactor core can be described
correctly. The reason is that these approximations discretize the phase space by av-
eraging over the different materials in the particular nodes. Additionally, the angular-
and energy-dependency is approximated by a Legendre expansion and a group-structure
respectively. The deterministic methods are therefore capable for simple reactor con-
figurations and cannot represent the radial dependency of the neutron flux correctly,
especially not for the outer fuel assemblies of a reactor core where the neutron flux
gradient is considerable high. Due to these drawbacks of the deterministic methods,
these code systems were discarded in the scope of this thesis and the stochastic method
employed by the code MCNP5 is used [Tea08].
The solution of the fuel burnup equation for the depletion and buildup of single isotopes is
for almost all burnup codes based on standard numerical approaches. Because ORIGEN2
is one of the most accepted codes in the scientific nuclear community as well as in the
licensing authorities, this code is used for the nuclear simulations presented in this work.
For the thermal hydraulic simulations, the finite element method turned out to be the
most accurate and flexible solution approach because it can deal with all types of equa-
tions and geometrical shapes. The FEM code ANSYS were consequently the tool of
choice.
Besides the qualitative evaluation of the computer codes, the access to the high perfor-
mance computers at the RWTH Aachen, the Research Center Jülich, and a computer
cluster at the Institute of Nuclear Fuel Cycle for Monte Carlo simulations is available
allowing the generation of high-resolution models. This turned out to be an important
aspect because the Monte Carlo technique can easily be implemented for parallelization
on multi-core computer systems leading to a larger amount of particle track simulations
throughout the geometry.
The algorithms for the coupling of two or more codes are the key factors for efficient
simulations in a high quality. The realization of a stepwise-coupling tool depends mainly
on handling of the input and output format of the different codes. General coupling al-
gorithms between neutronics and fuel burnup are amongst others: ATTILA [WMM97],
MCNPX/CINDER [Pel11], MCODE (MCnp-Origen Depletion program) [Xu03], MO-
CUP (Mcnp-Origen Coupling Utility Program) [Moo+95], and VESTA [Hae09]. Dif-
ferent coupling algorithms between neutronics and thermal hydraulics have been devel-
oped and were tested for particular purposes such as the OECD/NRC BWR turbine trip
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benchmark with a coupling between ATHLET and QUABOX/CUBBOX [LSV04], the
OECD/CSNI interface requirements with ATHLET and DYN3D [Lan+96], as well as
the OECD/NEA PWR benchmark with the coupling between RELAP5 and PANBOX
[San+02].
In the framework of this thesis, the coupling code VESTA is employed for the linkage
between neutronics, fuel burnup, and reactor physics simulations. In addition, as a topic
of this work, a method is developed for the coupling between neutronics and thermal
hydraulics.
The sequential simulation process and the interface structures between the individual
codes in the developed simulation model are depicted in figure 4.1.
Fig. 4.1: Sequential simulation process and interface structures between the individual
codes used for the BWR simulations
The simulation process starts with the definition of the geometry and an initial set of
parameters of the thermal hydraulic conditions such as temperature of the fuels, and
the temperature and density of the coolant. These initial quantities can be calculated or
taken from an external database such as [LMF]. Next, MCNP5 calculates the neutron
and gamma transport throughout the whole model combined with the calculation of the
heat deposition rate due to the processes discussed in section 2.3.2.
The result of the heat deposition tally is converted with MatLab into the respective
input file for ANSYS for use as an external heat source definition. On the basis of the
other thermal material properties such as specific heat capacity, thermal conductivity,
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and dynamic viscosity, ANSYS solves the coupled equation system for heat transfer
calculations and produces new distributions of the temperature in the fuel, cladding, and
coolant as well as pressure inside the cooling channel from which the density distribution
of the coolant can be calculated.
For the iteration purpose, the MatLab script checks the differences between the density
and temperature values of the actual and the preceding models at every node and in
case of reaching a certain level of accuracy and convergence (below a few percent), the
thermal hydraulic simulations are terminated. Otherwise, the iteration is performed
again with the actual values for the next loop.
After getting the converged steady state conditions, the initial configuration is found
and VESTA starts the calculation for a user-defined thermal power and fuel depletion
time steps. First, MCNP5 determines the neutron flux distribution and neutron spectra
for every fuel zone for burnup simulations. Second, VESTA calculates with these spectra
the microscopic one-group cross section values for every individual fuel node. Finally,
together with the absolute neutron flux, the material composition, and the thermal
power, ORIGEN calculates the depletion rate and burnup of the fuels. This loop is
repeated as many times as time steps are defined.
Both coupling algorithms are described in more detail in the next two sections.
4.2 Neutronics and Fuel Burnup
The multi physics coupling between neutronics and burnup is a key issue for every
linkage code and has a direct influence on the quality of the results [Xu03]. The main
challenge is to describe a rapidly varying dynamic system such as the reactor operation
with steady-state neutronics analysis and subsequent calculations of the changes in the
nuclear fuel composition within the active material cells with respect to time. With
both tools the coupling code has to cover the reactor operation period which is mainly
characterized by continuous changes of cross sections, neutron fluxes and power fractions
with respect to time. Therefore, the time period of interest has to be divided into discrete
time steps. Each time step undergoes a comprehensive steady-state neutronics analysis
and the results are used for subsequent calculations of the burnup of the nuclear fuels.
A powerful coupling tool between MCNP(5,X) and ORIGEN2.2 allowing a variety of
applications is VESTA which is also applicable for many reactor simulation purposes
especially burnup and activation analysis. The capabilities of the tool are described
in the VESTA manual [Hae09]. For the reactor operation analysis only the following
information are of particular interest.
In order to start VESTA the user has to prepend a header to the MCNP input file
which is subdivided into different data blocks containing firstly the data libraries e.g.,
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ENDF/B, JENDL, or JEF (see appendix A.3). This is needed in order to determine
the operation temperature of the materials of interest. Secondly, the header addresses
ORIGEN definitions like the path to the decay library file and an initial one-group
cross section library file. The entries of the cross section library file are replaced by
the ones generated by MCNP for every time step as described below. The third data
block specifies a script for running MCNP, the material numbers which are defined in
the MCNP input and have to be burned, and their individual volumes. Next, the cross
section calculation method and time step treatment options are set (see appendix B.3)
followed by the definition of the discrete power and/or decay history.
The ORIGEN definitions in the VESTA header require a decay and initial one-group
cross section library file which is embedded for instance in the source code package
of ORIGEN. The decay and the one-group cross section libraries contain the half-life
and the microscopic one-group cross section values, respectively, for the isotopes. The
entries are based on relatively sophisticated reactor physics calculations by Oak Ridge
National Laboratory (ORNL) for 130 actinides, 850 fission, and 720 activation products
[Cro80]. ORNL provides those library files for a couple of standard reactor types such
as fast reactors, pressurized or boiling water reactors with different loaded nuclear fuel
types. Which type of cross section library file is defined at that point has, in general,
no influence on the final result because the cross section values are replaced by the
ones obtained by the MCNP calculations. Nevertheless, if in the course of the MCNP
simulation a given cross section entry is not generated, the cross section values in the
initially defined library file are taken by ORIGEN.
Regarding the definition of time intervals, VESTA provides three different options for
time-dependent simulations - the time intervals are further referred to tn to tn+1
1. predictor-only
2. predictor-corrector
3. predictor-middlestep
Predictor-only means that VESTA starts an MCNP run determining the one-group cross
sections and flux distribution with the properties at tn and uses these data for the pre-
diction of the burnup at tn+1. For physical reasons, values at the beginning-of-time-step
(tn) are not fully representative for the entire time step tn to tn+1, unless [tn+1 - tn] is suf-
ficiently small [Xu03]. A better estimate of time step treatment is the predictor-corrector
method which starts additional MCNP/ORIGEN calculations as a corrector: after the
predictor-only step the cross sections and flux distribution are again determined for the
time step tn+1 and burnup calculations for the same time step (tn to tn+1) are performed
with these end-of-time-step values. The final results are the average of both simulation
steps. For complex problems like BWR simulations, this estimation is insufficient due
to its low convergence performance as discussed in the appendix B.3.
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A more sophisticated and optimized estimate of time-step-average values is achieved by
the application of the predictor-middlestep method allowing a convergence efficiency of
an order of two (see B.3). This method starts first with the predictor-only step but
the burnup is determined for the middlestep t(n+1)/2. At t(n+1)/2 cross sections and flux
distributions are estimated and then used for a subsequent burnup calculation for the
entire time step tn to tn+1.
A powerful feature of VESTA is the multi-group binning approach. Cross sections
are usually obtained by the reaction rate and flux estimator of MCNP (see appendix
D). This method requires some input preparations because material cards and tallies
have to be added to the MCNP input file for every single isotope of interest, every
necessary reaction type, and for every time step treatment calculation. One advantage
of the multi-group binning approach is basically the outsourcing of the calculation of
the cross sections from the MCNP calculation to a subsequent C-routine within VESTA.
Therefore, this method decreases the required memory of the system and the compute
time of the problem during the Monte Carlo calculation significantly. An estimation of
the absolute error and a comparison between both methods can be found in [Hae09].
By default, VESTA adds energy-dependent track-averaged volume tallies (called f4 flux
tallies) for every material composition of interest defined in the VESTA header and
provides in this way neutron spectra in 43,000 energy groups (Ei). This ultra-fine group
structure is necessary in order to represent the individual resonances and to neglect
the weighting of the cross section values within the single energy groups. The desired
one-group cross section value is then calculated with
〈σ (α, β)〉E =
43,000∑
i=1
σi (α, β)φi
43,000∑
i=1
φi
, (4.1)
where σi (α, β) is the energy-dependent microscopic cross section for a given reaction
X(α, β)Y of isotope X for which this value is calculated for and φi is the flux value
in the energy group Ei obtained by the nuclear data libraries and the Monte Carlo
flux estimator, respectively. Based on this equation, the subsequent routine is able to
calculate every required cross section value for every isotope and reaction type for further
use. The data in the initially defined standard cross section library file are replaced by
those new data containing highly optimized and adapted cross section data resulting in
a case-relevant library version.
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4.3 Thermal Hydraulics and Neutronics
For the linkage between the thermal hydraulic (ANSYS) and the neutronics (MCNP5)
codes, an algorithm is developed in the MatLab environment in order to achieve an
automated conversion from the output of the one code to the input format of the other
one. The coupling starts with an initial definition of the thermal hydraulics parameter
and a subsequent MCNP run in order to determine the spatial energy deposition using
the mesh tally feature of MCNP. References for material properties of the fluid for the
initial definitions can be found in [LMF]. During the MCNP run, the energy deposition is
tallied for all interactions of source particles (here neutrons, gammas, and electrons) with
the material of the reactor components that contribute to any kind of heat generation
such as fission, recoil of a nuclei, or slowing of a charged particle.
After the first neutronics simulation, the MatLab script converts the results of the MCNP
energy deposition tally into an ANSYS compatible column format (x [cm], z [cm], heat
source value [W/cm3]) and generates an ASCII data file accordingly. The adjustment of
the MCNP energy deposition values, which are normalized to be per source particle, to
the employable heat source values for ANSYS is described below. The user imports this
file into ANSYS for using it as an external heat source Q and solves the coupled Navier-
Stokes, convection, and conduction equations. As a result, thermal hydraulic properties
can be determined including the spatial-dependent density profile of the moderator.
After the first thermal hydraulic simulation, the MatLab script extracts the coolant
density distribution at predefined spatial points as they are defined in the MCNP input
file. This input is used for the further neutronics calculations as the second iteration
step. A convergence in terms of negligible changes in the energy deposition tally and
the moderator density is, in general, achieved after three iteration steps. It is important
to note that this solution is only valid for the specific steady-state where the material
composition and therefore the particle source properties do not vary significantly.
However, during a real power reactor operation the material composition and the re-
actor physical conditions continuously changes. The reasons are the different particle
interactions like buildup, depletion, decay, or fission as well as external effects such as
boiling water reactor instabilities. Three main types of such instabilities exist: in-phase,
out-of-phase, and density wave oscillation. Further details about these three main types
of instabilities can be found in [Hen99], [MR93], and [Kar99]. As a consequence, the en-
ergy deposition shows a significant time-dependency which leads to a time-dependency
of the thermal hydraulic properties as well. External effects are neglected during the
whole reactor operation cycle, but in order to account for the changes in the material
composition, the iteration steps between MCNP and ANSYS are performed at the be-
ginning of a cycle (BOC) and, after corresponding burnup calculations, at the end of a
cycle (EOC). The result of the final burnup calculation results is then obtained for the
mean values of the moderator density and the temperature in the flow channels.
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As a general remark, thermal hydraulic properties are considered in the MCNP input
file by the following parameters:
 geometry - thermal expansion
 applied cross section library - operating temperature of materials
 density of materials as a function of pressure and temperature
Because the density of the moderator in a BWR is of particular interest, the geometry
and the cross section libraries (900K for the fuel and 600K for the moderator) remain
constant during the neutronics simulation process. This assumption is valid as shown in
chapter 5 and 6 because the influence of Doppler broadening in the particular moderator
temperature regime from 530K to 670K on the cross sections is negligible compared to
the void effect which is taken into account via the density of the moderator.
In general, the energy deposition is tallied by multiplying the normalized flux with
the total microscopic cross section and the specific heat value Q. The heat values
are internally stored in MCNP and depend on the type of neutron reaction (fission or
recoil of a nucleus). Thus, in order to get absolute values of the energy deposition for
using directly in ANSYS, the normalized flux values need to be multiplied with a flux
multiplication factor (FMF ) which is defined and used as follows [Red90] [Pel11]:
FMF =
Pν
Qkeff
. (4.2)
In equation 4.2, P is the total power of the entire system in watts, ν is the average number
of fission neutrons per fission event, Q is the average recoverable energy (excluding
neutrinos) per fission event in [J/fission], and keff is the eigenvalue of the system.
The FMF is not easy to determine because of the diversity and importance of different
processes for the value of Q. For the whole reactor having different, and due to nuclear
reactions time-varying, actinides in the fuel cells, it takes some effort to calculate the
average recoverable energy per fission energy [Xu03]. The first versions of the ORIGEN
burnup code employed a constant value of 200MeV per fission which is appropriate
for uranium-235. Later versions, following ORIGEN2, employ a more sophisticated
semi-empirical formula given as follows:
Q(Z,A)
[
MeV
fission
]
= 1.29927 · 10−3
(
Z2
√
A
)
+ 33.12. (4.3)
In equation 4.3, Z and A are the atomic number and the atomic mass, respectively.
Equations of this form (aZ2
√
A+ b) are often used for the correlation of fission product
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kinetic energy. However, in some references 1/3, which is a result from the liquid drop
model, instead of 1/2 for the exponent of the atomic mass number A is used [Hae09].
The eigenvalue of the system is obtained via the KCODE and KSRC cards of MCNP
(see chapter D), the total power of the entire system is obtained from the operational
power history of the reactor, and the average number of fission neutrons per fission event
ν is set to 2.5 according to figure 4.2.
Fig. 4.2: Number of fission neutrons per fission event (ν) as a function of incident neutron
energy for the most important fissile isotopes [Cha+06]
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Simulation Model
This chapter gives first a brief review of the choice of the simulated BWR and general con-
siderations of benchmark studies. Second, the most relevant design and operational data
of the Gundremmingen A BWR for reactor physics and thermal hydraulics simulations
are described. Third, the applied BWR calculational models for neutron transport and
thermal hydraulic simulations are presented. Next, a post-irradiation analysis program
of chosen fuel pellet samples of two fuel assemblies unloaded from the Gundremmingen
A BWR is introduced and discussed. Finally, a benchmark of the simulation results in
terms of the differences to the measured values as well as to the operational data and a
summary review are presented.
5.1 Choice of BWR and Applied Benchmark Studies
The task from nuclear fuel simulation studies to the realization of the investigated con-
cepts and the utilization in a nuclear power plant with enhanced operational and safety
behavior, requires the verification of the simulation process and the applied methods. In
addition, nuclear fuel safety criteria, as reported in [Bec+12], have to be fulfilled. The
verification encompasses the quantification of the relative errors of the simulated to the
measured values (accuracy) as well as the analysis of the statistical uncertainties of the
results (precision). Furthermore, the physical plausibility of the simulation results has to
be confirmed. In order to perform the required verification process, the necessary design
and operational specifications of a BWR plant have to be accessible. The Gundrem-
mingen A BWR represents such a case because the following data are available in the
literature: the design and the operational specifications are well described in [Man+65]
and post-irradiation experiments of different irradiated fuel pellet samples are presented
in [B+79].
Post-irradiation analysis programs are frequently launched for different nuclear systems
by different establishments. These programs and the results respectively are paid special
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attention to by the developer of reactor analysis tools in order to perform benchmark
studies against their codes. For the scope of this thesis, the most important measured
quantities contain, amongst others, the isotopic composition of selected fuel pellet sam-
ples and a metallographic analysis of the fuels and the cladding structures. Further-
more, the burnup is an important quantity which is derived from the concentration of
the fission products cesium-137 and neodymium-148 [Kim+07]. The reason is that the
concentration of cesium-137 and neodymium-148 is approximately accumulated during
the irradiation of the nuclear fuel in the reactor core and depends on the released energy
and the burnup respectively. The accumulation has two physical reasons: first, the half
life of cesium-137 amounts to 30.17 a, which is long in comparison to the dwell time of
the nuclear fuel, and neodymium-148 is stable, second, these isotopes hardly undergo
subsequent nuclear reactions due to the relatively low neutron capture cross sections.
Finally, thermal hydraulic parameters during the operational cycle of the reactor are
described in the operational specifications and can be benchmarked as well.
Besides the above mentioned quantities, rod-positioning data have to be included in
the calculational models in order to properly account for resulting thermal hydraulic
conditions which significantly influence the system reactivity and cause reactor physical
variations. However, these data are rarely available in the documentation of fuel-assay
data for the Gundremmingen A BWR, but partial (usually small) control rod insertions
are common, especially in the beginning of a fuel cycle [HD98]. In order to determine the
position of the rods, a calculational model of a single fuel assembly with radial reflecting
boundary conditions is used in the first step and the operational history is simulated.
The first estimate of the control rod insertion is obtained by achieving the reported final
burnup value at the end of the cycle (EOC) for every individual analyzed fuel pellet
sample. The adjustment of the calculated burnup values to the measured values is done
by adding boron to the moderator. Although boron is not dissolved in the coolant during
the steady state operation of a BWR, this is a common way for the representation of the
core configuration surrounding the specific fuel assembly in order to adjust the reactivity
of control rod insertion and maintain a critical state [HD98]. After the simulation of the
different operational cycles, isotopic compositions of the fuel, especially of the analyzed
samples, are obtained for benchmarking and subsequent core simulations.
The information of the fuel assembly studies encompassing the spatial-depended isotopic
concentrations with respect to burnup, control rod position, and thermal hydraulic ma-
terial properties is used for the reactor physics simulation of the Gundremmingen A
BWR core. During the simulations of the operational cycles, the height of the control
rod insertion is set such that the initial eigenvalue of the system is approximately equal
to the initial eigenvalue obtained with the above described fuel assembly model. In this
way, the initial eigenvalue at BOC of the models is determined to 1.08 and a reactivity
of about 7.4% respectively.
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5.2 Design and Operational Description of the
Gundremmingen A BWR
The Gundremmingen A boiling water reactor (Kernkraftwerk RWE-Bayernwerk, KRB)
was the first large nuclear power plant in Germany with the goal to demonstrate the
technical and economical operation of nuclear energy for the generation of electrical
power. It was an enhancement of the first experimental nuclear power plant (VAK)
in Kahl and was delivered by AEG Allgemeine Elektrizitäts-Gesellschaft, International
General Electric, and Hochtief AG [Man+65] [Eic+97]. The reactor has been operated
from 1966 until an accident in 1977 followed by decommissioning and dismantling since
1983.
Figure 5.1 depicts the configuration of the cooling circuits of the KRB as a schematic
diagram. The KRB was a boiling water reactor with a dual cycle system based on a
General Electric design. Within the dual cycle system, the produced steam in the reac-
tor core as a part of the first cycle is directly transported to the turbine (red path) and,
after the expansion in the turbine, the steam is cooled down to the liquid state (green
path). Afterwards, the coolant is pumped back to reactor as well as to a secondary heat
exchanger (light green path). In the second cycle, the hot liquid coolant in the recir-
culation loop (blue path) is discharged and produces with a heat exchanger secondary
steam. The cooled water is refed into the reactor (light blue path). The secondary steam
is transported to the turbine at a low pressure level (grey path).
In the steady state operation, the coarse power level is controlled by the control blades
and the fine controlling is solely done via the secondary steam production rate [USN].
The most relevant design and operational data of the KRB system with regard to nuclear
and thermal hydraulic simulations are compiled in the tables 5.1, 5.2, and 5.3,.
Figure 5.2 gives an insight view with the most important components of a BWR/6
General Electric design which is similar to the Gundremmingen A BWR; on the left
hand side the overall reactor assembly and on the right hand side four fuel assemblies
are shown including the control rod module located in the reactor core.
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Fig. 5.1: Schematic flow diagram of the coolant in the Gundremmingen A BWR dual
cycle system based on a General Electric design [USN]
Fig. 5.2: Gundremmingen A BWR (General Electric BWR/6) design of the reactor as-
sembly (left) and fuel assemblies and control rod module (right) [USN]
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Tab. 5.1: Relevant design and operational data of the KRBA system for reactor physics
and thermal hydraulic simulations [Man+65]
Entire Plant
Reactor type Boiling water reactor
Thermal power 801MW
Net electrical power 237MW
Net efficiency 27.6%
Reactor Pressure Vessel
Inner height 16.408m
Inner diameter 3.708m
Material 20 NiMoCr 36
Wall thickness without plating 142mm
Weight without internals and closure head 265 t
Moderation and Cooling at Rated Power Output
Reactor pressure (steam exit) 71.4 ata
Outlet temperature 286 °C
Steam production 1,020 t/h
Flow through fuel assemblies 11,392 t/h
Leakage flow around fuel assemblies 858 t/h
Pressure drop 1.12 at
Inlet temperature 266 °C
Feed water temperature 198.6 °C
Outlet steam fraction 8.9w.-%
Average steam fraction - core 19 v.-%
Average steam fraction - fuel assemblies 28.9 v.-%
Maximum steam fraction - fuel assembly outlet 71.6 v.-%
Average power density 40.8 kW/l
Maximum power density 119 kW/l
Heat transfer surface 1,963m2
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Tab. 5.2: Relevant design and operational data of the KRBA system for reactor physics
and thermal hydraulic simulations (cont'd) [Man+65]
Reactor Core
Average heat flux density 39.2W/cm2
Maximum heat flux density 115.8W/cm2
Average power density in uranium 17.1 kW/kg
Design overload <2730 °C
keff (equilibrium) 1.19
Transcribed diameter 2,896mm
Equivalent diameter 2,748mm
Active height 3,302mm
Inner diameter shroud 3,150mm
Distance shroud - pressure vessel 250mm
Volume ratio H2O/UO2 without control blade 2.3
Center distance control blades 254mm
UO2 weight in square fuel assemblies 52,982 kg
Initial enrichments 1.68w.-% - 2.34w.-%
Zirconium weight 11,830 kg
Square Fuel Assembly
Number of fuel assemblies 368
Rod array 6x6
Number of fuel rods 36
Pitch 17.93mm
Total length 3,861mm
Active length 3,302mm
Side of square fuel section 113.52mm
Channing material Zry-4
Fuel weight 144.0 kg
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Tab. 5.3: Relevant design and operational data of the KRBA system for reactor physics
and thermal hydraulic simulations (cont'd) [Man+65]
Fuel Pellet Dished and Undished)
Fuel average density 10.5 g/cm3
Diameter 12.24mm
Clad-pellet clearance 0.1375mm
Average Temperature 650 °C
Fuel Clad
Inside diameter 12.5mm
Wall thickness 0.889mm
Material Zry-2
Control Rod
Number 89
Absorbing material B4C powder
Absorber length 325.0 cm
Blade length 99.44mm
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5.3 Calculational Models
The design and operational data described in section 5.2 are realized in two different
calculational models for neutron transport and thermal hydraulics simulations. The fuel
burnup calculations do not require any modeling because a zero-dimensional code is used
(ORIGEN2.2, see appendix B) which is independent from any geometrical configuration.
Within the framework of this thesis, the active part of the reactor and the control blades
were of particular interest and other structures such as pressure vessel, plating, radiation
and biological shielding, safety instrumentation, and supporters are neglected in the
models.
5.3.1 Neutron and Radiation Transport Model
For the neutron transport simulations, the Monte Carlo computer code MCNP5 (Version
1.60) is used (see appendix D). Besides the advantages of the Monte Carlo method
employed by MCNP (see section 4.1), MCNP has convenient features for the design of
lattice structures such as the fuel pins in the fuel assemblies. In order to make use of
this feature, one fuel pin has to be defined that it can be arranged in a rectangular
lattice leading to a fuel assembly and finally a lattice of fuel assemblies generates the
core design which are shown in figure 5.3 and figure 5.4, respectively.
Fig. 5.3: MCNP model of the Gundremmingen A BWR fuel assembly with the different
fuel material zones and part of the absorber blade
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Fig. 5.4: Cross sectional plot of the Gundremmingen A BWR MCNP core model with
reflecting boundary conditions (orange line) and fuel assembly bundle with
centered control blade (red enlarged box)
For an optimum use of the available computer resources, the active core is represented by
a quarter core model and the inner surfaces are defined as reflecting boundaries (orange
lines). This assumption is in general valid for the active reactor core, in the case of
rotationally symmetric fuel assembly loading of the reactor core which is assumed in the
applied models.
From the geometrical point of view, the MCNP model contains all 36 fuel pins in a fuel
assembly and the quarter core model consists of 92 of these fuel assemblies. In total,
the quarter core has 3,312 fuel pins, 92 channel boxes, and 22.25 absorber blades.
With respect to the material composition, not every individual fuel pin can be repre-
sented in the desired resolution because of memory limitations of the given computer
systems. In particular, although only 3,312 fuel pins exist, the fuel pins have to be
sub-divided into axial segments in order to account for the axial inhomogeneity of the
thermal hydraulic conditions and reactor physics respectively as well as fuel burnup (see
section 2.1.2). For instance, an axial segmentation in eight parts would lead to 26,496
different material zones and material definitions in terms of the isotopic compositions
which have to be burned. This means for every zone, the neutron spectrum in 43,000
energy-groups have to be tallied and reaction rates for every isotope and reaction type
have to be calculated as described in chapter 4.2.
A simplification of the material zones is applied in terms of the definition of fuel pin
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groups as indicated by different colors in the enlarged box in figure 5.4. However, this
simplification is sufficient because it accounts for absorber effects which occur next to
the control blades as well as for local spectral effects. In this way, the number of material
zones is decreased to 2,208 consisting of eight axial zones and 3 fuel pin groups per axial
zone for all 92 fuel assemblies. From the reactor physics point of view, the burnup and
all derived quantities are limited to this material resolution.
For the generation of the MCNP input consisting of 2,208 material zones, the respec-
tive isotopic compositions, and the moderator cells with axially different densities, an
automated C++ script is written applying this information and converting them into
an MCNP model.
Besides the inner reflecting surfaces, no further boundary conditions have to be defined
for the neutron transport model because the fuel assemblies are surrounded by a water
layer in the outward direction, as it is the case in the real Gundremmingen A reactor.
5.3.2 Thermal Hydraulics Model
The steady state thermal hydraulic conditions were simulated using the computer pro-
gram ANSYS-12.1 which employs the finite element method. ANSYS is a general pur-
pose, finite element simulation software for multi-physics problems encompassing the
field of all disciplines of physics, structural mechanics, vibration processes, fluid dynam-
ics, heat transfer, and electromagnetic wave transport.
The usual simulation process of FEM codes starts with the geometry modeling. For the
required resolution and the given computer resources a 2D-model is chosen describing
two fuel rods (fuel and cladding) and one cooling channel as depicted in figure 5.5 (top).
Next, the user undertakes the nodalization of the whole geometry by defining mesh
size properties and the FEM code generates a mesh in order to discretize the problem
geometry. The form and distribution of the mesh are of particular importance and have
a direct influence on the convergence of the solution. In this problem, the mesh consist of
23,146 mesh points, 44,476 triangles, 7,118 boundary elements, and 16 vertex elements.
As shown in figure 5.5 (bottom), the generated mesh has a minimum element quality of
0.8070.
The element quality of the 2D triangle mesh is determined by
q =
4
√
3A
h21 + h
2
2 + h
2
3
, (5.1)
where A and h1,2,3 are the area and the side lengths of the triangle, respectively [ANS09].
This value should not be smaller than 0.3 because in this case the quality of the mesh
badly affects the solution. The overall mesh quality is defined as the minimum element
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Fig. 5.5: Two-dimensional calculational model for the FEM code of a BWR system con-
sisting of two fuel pins with cladding and one coolant channel (top) and quality
of the underlying mesh (bottom)
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quality which amounts to 0.8070 in this configuration. Thus, the mesh quality is appro-
priate for this case as could be expected due to the rectangular geometry. The technique
of the mesh generation for an optimum nodalization of geometry is a widely and deeply
investigated research field and many different algorithms have been developed. Details
on automatic mesh generation methods can be found in [DR08].
After the generation of the mesh, the user defines the set of equations to be solved for
the particular areas (subdomains). For BWR simulations, the coupled system of the
Navier-Stokes as well as the convection and conduction equations has to be solved for
the cooling channel and the entire system, respectively. The subdomain properties and
the input parameter and coupling variables (output parameters) are shown in figure 5.6.
Fig. 5.6: Subdomain properties of the two-dimensional FEM calculational model and
coupling between the solved equations for heat transfer and removal in a BWR
As indicated in the figure 5.6 and discussed in section 2.3, convection and conduction
are the dominant mechanisms for heat transfer in and removal from solid materials such
as the fuel and the cladding as well as liquid/steam combinations such as the moderator.
Thus, the corresponding equations have to be solved for the entire geometry (red box).
In particular for liquids and steam in the rectangular cooling channel (blue box), the
convective heat transfer is based on the macroscopic flow which is described with the
Navier-Stokes equation.
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The total external heat source q′′′tot is obtained with preceding Monte Carlo calculations
and contains the heat source produced by fission, radiation, and natural decay. Values
for the thermal conductivity k, the density of the coolant ρ, the specific heat capacity
Cp, and the dynamic viscosity η at a constant pressure of 71.4 ata are taken from [LMF]
and are depicted as a function of the temperature in appendix F. The coupling variables
and the solution of the particular equations respectively are profiles of the temperature
T , the coolant velocity distribution ~u, and the pressure profile p.
Besides the subdomain properties, the following boundary conditions have to be defined
and fulfilled:
∇ · ~u = 0, (5.2)
~u = 0 on the outer clad walls. (5.3)
In addition, the inlet pressure of the coolant, the pressure drop through the reactor,
and the surrounding temperature profile have to be defined by the user according to the
operational data of the primary circuit of the BWR (see section 5.2).
5.4 Post-Irradiation Analysis Program
In the framework of the Cooperation Agreement N°150-75 PIPGD among the Commis-
sion of the European Communities, the Kernkraftwerk RWE-Bayernwerk GmbH (KRB)
and the Kraftwerk Union AG Frankfurt (KWU), a program on post-irradiation experi-
ments was agreed for fuel pellet samples of two fuel assemblies which were irradiated in
and unloaded from the Gundremmingen A BWR at the end of the fifth irradiation cycle.
The whole experimental program and analysis respectively, was carried out in the Ispra
(Italy) and Karlsruhe (Germany) Establishments of the Joint Research Center [B+79].
The analyzed fuel assemblies in the Gundremmingen A BWR had the internal numbers
B23 and C16. The absolute position of B23 during the irradiation cycles in the BWR
core is shown in figure 5.7. The irradiation of the fuel assembly B23 started on August,
25th, 1969 and finished on May, 5th, 1973, and the irradiation of the fuel assembly C16
started on July, 5th, 1970 and finished on May, 5th, 1973.
In the scope of this thesis, the results of the post-irradiation experiments of the B23
fuel element were used for the benchmark because of the following reasons: first, it was
operated in four irradiation cycles (in comparison to only three cycles of C16), second,
the position of B23 within the core is more representative for the average behavior, and,
third, the assembly was shued only once.
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Fig. 5.7: Absolute position of the analyzed fuel assemblies during the irradiation cycles
in the Gundremmingen A BWR core [B+79]
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The fuel assemblies in the BWR were composed of 29 rods with an initial uranium-235
enrichment of 2.53% and 7 rods with an initial uranium-235 enrichment of 1.87%. The
selected B23 fuel assembly reached an average burnup of 22.6MWd/kgU. The initial
uranium composition is listed in the next table [HPR94].
Fuel Assembly B23
Uranium isotope
Fraction [wt.%]
normal special
235 2.530 1.870
234 0.023 0.017
236 0.012 0.009
238 97.435 98.104
Tab. 5.4: Initial uranium compositions of the two types of fuel rods utilized in the Gun-
dremmingen A BWR [HPR94]
For the radiochemical analysis, different fuel pellet samples were chosen and cut from
single rods of B23 (A-1 and E-5) as indicated in figure 5.8. Both rods were cut at 268
cm from the bottom of the fuel assembly and A-1 was additionally cut at 44 cm from
the bottom for taking the samples. In this way, measured data were obtained from areas
where the coolant is completely in the liquid phase (44 cm) and where the coolant is in
the steam-void phase (268 cm) with an average void fraction of about 50%.
Lastly, the operating data containing the cycle length, the shutdown time for mainte-
nance, and the cycle burnup of the fuel assembly B23 and samples used for the benchmark
are listed in the next table [B+79] [HD98].
Cycle Number 2 3 4 5
Cycle length [days] 279 323 290 309
Shutdown [days] 56 33 61 0
Cycle burnup assembly [MWd/kgU] 5.839 6.131 5.483 5.174
Cycle burnup A-1 (44 cm) [MWd/kgU] 6.640 6.972 6.235 5.884
Cycle burnup A-1 (268 cm) [MWd/kgU] 7.071 7.424 6.640 6.265
Cycle burnup E-5 (268 cm) [MWd/kgU] 6.067 6.370 5.697 5.376
Tab. 5.5: Operating data for Gundremmingen A BWR assembly B23 and fuel pellet
samples
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Fig. 5.8: Geometrical dimensions of the fuel assembly and control rod as well as locations
of fuel rods analyzed in assembly B23 of Gundremmingen A BWR
5.4.1 Methods of Post-Irradiation Experiments
Referring to [B+79], the taken fuel pellet samples were dissolved in the laboratories of
Ispra and Karlsruhe and afterwards aliquots of the solutions were subjected to radio-
chemical processes and the following determinations:
1. gamma spectrometry
2. mass spectrometry
3. alpha spectrometry
The gamma spectrometry data were mainly used to determine the activity of the cesium-
137 isotopes, from which the burnup was derived.
Mass spectrometry, combined in some cases with isotope dilution techniques, was used to
determine the concentrations and/or the isotopic compositions of uranium, plutonium,
americium, neodymium, and of the krypton and xenon fission gases.
Alpha spectrometry was used to determine the concentrations of some nuclides of plu-
tonium, americium, and curium. The concentration of neodymium-148 was then also
used for the evaluation of the burnup.
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Further details concerning the analysis methods and required nuclear data are described
in [B+79]. For quality assurance of the burnup values and the isotopic composition
measured in the experiments, three procedures were applied:
 use of different methods in the measurement of the same quantity: this procedure
was applied for the burnup values which were determined both from cesium-137
and neodymium-148
 comparison of the results of different laboratories: this procedure was applied by
analyzing 4 pairs of adjacent pellets in the laboratories of Ispra and Karlsruhe
 use of the isotope correlation approach
With these optimization approaches the average standard deviations of the measure-
ments were minimized as can be seen in the next table.
Average standard deviation [%]
Isotopic ratios
235U/238U 0.7
236U/238U 1.2
240Pu/239Pu 0.4
241Pu/239Pu 0.6
242Pu/239Pu 0.7
Burnup determinations
148Nd 2
137Cs (destructive) 4
137Cs (non-destructive) 5
Tab. 5.6: Average standard deviations of the measurements [B+79]
5.5 Benchmark Against Burnup and Isotopic
Concentrations
As mentioned in section 5.4, the samples taken from pin A-1 (see figure 5.8) were an-
alyzed by Ispra and the analysis of the E-5 samples were performed by the Karlsruhe
as well as the Ispra establishments. The results of the measurements, in particular the
burnup and the isotopic compositions of the three samples, are listed in the appendix
G. The percentage differences between the simulation results and the derived burnup
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as well as the measured data of the isotopic compositions (mainly buildup) of the three
samples are shown in figure 5.9 and figure 5.10.
Fig. 5.9: Percentage differences between measured and calculated results of the burnup
and the concentrations of the actinides for the analyzed fuel samples
The burnup is an important indicator for the operation of the fuel assembly because it
provides more significant information about the produced energy and thus changes in
the isotopic concentrations in the nuclear fuel. As can be seen in the figures 5.9 and 5.10,
the calculated burnup values of the samples and the relative concentration of cesium-137
have a maximum percentage difference of 10% only. The maximum percentage difference
of the calculated relative concentration of neodymium-148 amounts to 20%. With respect
to the quality of experimental values and analysis methods, this level of uncertainty is
acceptable and it can concluded that these quantities were appropriately calculated with
the fuel assembly calculational model.
Furthermore, it can be concluded that the differences between the calculated and the
measured values increase with decreasing concentration of the specific isotopes such as
the minor actinides and some uranium and plutonium isotopes. For instance, the con-
centration of uranium-238 is determined with an average difference of about 3% whereas
the average difference for curium-244 amounts to 36%. In addition, the statistical spread
is much higher for the isotopic ratios than for the buildup or depletion because of the
error propagation of the calculated quantities.
54
Chapter 5 Application and Verification of the Simulation Model
Fig. 5.10: Percentage differences between measured and calculated results of the isotopic
ratios for the analyzed fuel samples
Referring to [HD98], it is accepted that isotopic predictions for BWR spent fuel will
generally show higher uncertainties than for spent fuel taken from e.g., PWR. The
reason is the complexity of BWR core dynamics (see chapter 2) in comparison to the
PWR operation. This complexity is based on the two-phase flow of the moderator, the
more heterogeneous design of the BWR core in terms of the arrangement of the fuel
assembly materials (radially and axially) as well as other control instrumentation such
as control rods leading to axially heterogeneous power distribution and neutron spectra.
In conclusion, the calculated and benchmarked quantities of the burnup and the isotopic
buildup as well as depletion analysis demonstrate that the concentrations for most of
the relevant isotopes can be predicted with the applied calculational model and solution
approaches.
5.6 Benchmark Against Reference Data
5.6.1 Heat Transfer and Coolant Conditions
According to the simulation process described in chapter 4, the simulation of the oper-
ation of the BWR core starts with the determination of the average thermal hydraulics
conditions. For the two fuel pins and one cooling channel, representing average values
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of the Gundremmingen A core, the temperature profiles at the beginning of the cycle
(BOC), the middle of the cycle (MOC), and the end of the cycle (EOC) were calculated
using appropriate burnup calculations for the time steps. The cycle-averaged tempera-
ture profile is depicted in figure 5.11.
Fig. 5.11: Temperature distribution in the two uranium-based fuel pins and the cooling
channel averaged over one operational cycle
Considering the melting temperature of the zircaloy cladding of about 2125K as well as
the maximum operational limit of the nuclear fuel of about 1900K in the hot channels
and 1200K in the normal channels, the calculated temperature profile is representative
for average conditions.
The cycle-averaged temperature profile shows two spots per pin located in the lower and
the upper part of the fuel pins. Generally, the main fraction of the energy is produced
in the lower part of the assembly where the neutron field is dominated by thermal
neutrons leading to a high fission reaction rate. Due to conductive heat transfer, the
produced heat is transferred to the outer surface of the cladding which is cooled by the
coolant. The coolant in the channel absorbs mainly via convection the heat from the
cladding surface leading to a nucleate boiling and the production of steam which rises
to the upper part. In the upper part, the convective heat flux from the cladding to
the steam is much less efficient than from the cladding to the liquid phase in the lower
part. The reasons are the small values of the density and the specific heat capacity of
the coolant/steam combination which amounts to approximately 0.45 g/cm3 (see figure
5.14 below) and 2.5 J/(g·K) (see figure F.2 in appendix F), respectively. Thus, the
coolant/steam combination does not absorb as much heat as in the lower part and the
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cladding surface is heated up resulting in a decreasing temperature gradient within the
fuel pin. The produced heat in the upper part can therefore be weakly removed. The
conductive heat transfer rate averaged over the operational cycle is depicted in figure
5.12.
Fig. 5.12: Conductive heat transfer rate distribution in the uranium-based fuels and the
cooling channel averaged over one operational cycle
The maximum heat flux amounts to 128.4W/cm2 and the spatial-average conductive
heat flux to 32.6W/cm2. The according reference values are compiled in table 5.2 and
amount to 115.8W/cm2 and 39.2W/cm2, respectively, resulting in an average difference
of approximately 17%. However, this average value also contains the power densities of
the fuel assemblies in the second, third, and fourth irradiation cycle, which are generally
smaller due to the decreasing fissile inventory ratio.
The density of the coolant is calculated on the basis of the temperature and pressure
profiles. The pressure drop from the inlet to the outlet of the reactor core amounts
to approximately 1.12 at (see table 5.1) which is significantly lower than the system
pressure. Therefore, the overall pressure is assumed to remain constant over the cooling
channel and is set to 69 bar. Figure 5.13 depicts the coolant density profile and shows the
average values for the coolant density and the steam fraction derived from the density
profile in the active part of the cooling channel.
The average steam fraction in the active part of the fuel assemblies is known from the
operational data sheet 5.1 and amounts to 28.9%. The average calculated steam fraction
in the active part of cooling channel amounts to 25.7% showing a deviation of 11.1%
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Fig. 5.13: Coolant density distribution in the cooling channel of an uranium-based fuel
assembly averaged over one operational cycle
only. The calculated maximum steam fraction at the fuel assembly outlet in this cooling
channel is approximately 48.3% which seems reliable if it is considered that the maximum
steam fraction at the outlet in the center of the active core amounts to 71.6%.
As mentioned above, the thermal hydraulics simulations are repeated, after appropriate
burnup calculations, at MOC and EOC. The radially-averaged coolant densities as a
function of the assembly height and time are shown in figure 5.14.
In conclusion, the calculated thermal hydraulic conditions are physically consistent and
the predictions show, in the view of the modeling effects and uncertainties of the oper-
ational data, a good agreement with the average values listed in the operational data
sheets as well as licensed conditions of general BWR systems.
5.6.2 Nuclear Safety Parameters
The analysis of nuclear safety parameters plays a key role for the investigation of nu-
clear fuel concepts. However, these properties are only significant if the whole core is
modeled in order to account for physical effects, e.g., back scattering occurring from
the surrounding fuel assemblies. However, detailed data of the operation of the whole
Gundremmingen A BWR core are rarely available. Therefore, the fuel assembly loading
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Fig. 5.14: Coolant density profiles averaged over the radial component as a function of
the BWR assembly height and operation time
pattern is on the one hand extrapolated based on the position data of the two fuel as-
semblies unloaded from the BWR as described in the post-irradiation analysis program
in section 5.4. On the other the Haling principle is considered which states [Dem00]:
The minimum peaking factor for a given fuel loading arrangement is achieved by oper-
ating the reactor so that the power shape (power density distribution) does not change
appreciably during the operation cycle.
The resulting loading pattern is shown in figure 5.15.
Based on this quarter core model with reflecting boundary conditions, different quanti-
ties such as reactivity, reactivity coefficients, and the shutdown margin are calculated.
These data are benchmarked with reference values that have been licensed for the BWR
operation.
In the steady state operation, the reactivity of the BWR core is assumed to be approxi-
mately zero for all times which is achieved by controlling the secondary steam production
as well as the control rod position. The secondary steam production is not considered
in the simulation model, but the control rod insertion can be adjusted in the calcula-
tional MCNP model. However, during the burnup calculations, this insertion remains
constant and, as a consequence, the reactivity does not remain continuously constant
but decreases during the cycle. In order to determine the fixed control rod insertion, an
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Fig. 5.15: Fuel assembly loading pattern of the Gundremmingen A BWR core model
based on shuing data and the Haling principle
initial reactivity of the core according to the resulted benchmark calculations is chosen.
As mentioned in section 5.1, this initial reactivity amounts to 7.4%.
Due to the low statistical standard deviations of the Monte Carlo calculations for integral
quantities of the active reactor core (here below 0.1), the error bars are neglected in
the following figures. Figure 5.16 shows the reactivity of the Gundremmingen A BWR
core with respect to time.
As shown in figure 5.16, the reactivity drops at the very beginning of the operational
cycle and decreases with ongoing operation. This drop is a result of the buildup of
short-lived fission products and/or their decay products having a huge thermal neutron
absorption cross section up to a few million barn. The buildup of these isotopes is called
reactor poisoning and has a considerable effect on the operation of the reactor. The
concentration of these poisoning isotopes is formed either directly as or via the decay of
fission products. The isotope with the largest thermal neutron absorption cross section
is xenon-135 (σf=2.65·106 b) with a half-life of 9.14 h which is formed either as a direct
fission product or as a result of the β− decay of iodine-135. For a constant power level,
the concentration of xenon-135 is accumulated during the first operating hours reaching
its maximum value after about nine to ten hours and decreases due to the absorption
of neutrons and natural decay until reaching an equilibrium state after about 40 to 50
hours.
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Fig. 5.16: Reactivity [∆k/k] of the Gundremmingen A BWR in one operational cycle as
a function of time
The sharp drop of the reactivity at the very beginning of the reactor operation has a
considerable negative influence on the stability and safety of the BWR core, especially
with regard to the power and neutron flux distribution. Therefore, different strategies
have been developed to prevent this effect such as adding burnable poisons to the fuel
and/or non-burnable poisons to the control blades. In the former case, most commonly,
compounds of gadolinium are added to selected fuel pins and, in the latter case, hafnium
is widely utilized. Further approaches are widely applied by the operators of nuclear
reactors and are discussed in [Vol+62]; [US 93].
In addition, the nuclear poison samarium-149 plays an important role for the operation
of a BWR: samarium-149 is stable and has a thermal microscopic neutron absorption
cross section of about 41,000 barn. It is not directly formed as a fission product but as
a result of the neodymium-149 decay and the concentration stabilizes after about three
weeks of operation.
Besides the above discussed reactor poisoning, changes in the temperature of the nuclear
fuel and the coolant as well as changes in the void fraction of the coolant lead to a
reactivity response of the core. These changes are obtained in the case of a power
level adjustment, accident, or flow transients. The response is described with reactivity
safety coefficients as discussed in section 2.2. The most important property of reactivity
coefficients (temperature and void coefficients) is their negativity. The reason is that,
in case of an accident, the temperature of the fuel and the coolant are increasing. The
reactor core has to respond to these changes with decreasing reactivity in order to
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automatically regulate itself to a more stable state. This response behavior can be
described with negative reactivity coefficients that are also required for obtaining an
operating license from the regulatory authorities. The calculation of the reactivity safety
coefficients are discussed in section 2.2 and are shown for the Gundremmingen A BWR
in figure 5.17.
Fig. 5.17: Reactivity safety coefficients of the Gundremmingen A BWR core with respect
to changes in the temperature of the fuel and the coolant (black) and in the
void fraction of the coolant (blue) as a function of time
In addition, the temperature coefficient of the coolant is more negative by a factor of
about 20 than the temperature coefficient of the fuel. This is expected because the
amount of subsequent induced fission reactions and hence the reactivity is mainly deter-
mined by the fraction of thermal neutrons which are produced in the coolant/moderator
and is reduced significantly by spectral effects. Thus, the reactivity of the system re-
sponds weaker to an increase of the fuel temperature than to any increase of the coolant
temperature associated with a delay due to different heat transfer mechanisms. This
delay has to be considered in the design of a nuclear reactor in terms of safety aspects
because during this delayed response the heating of the fuel pins continues. In the worst
case, the melting temperature of the cladding of about 2125K could be achieved before
the reactivity drops due to the feedback effect of the negative temperature and void
coefficient of the coolant.
Lastly, the shutdown margin (SDM) is an additional important safety aspect especially
for BWRs which describes the instantaneous amount of reactivity by which a reactor
is subcritical or would be subcritical from its present condition. This margin becomes
important in case of an ordinary shutdown or in case of a SCRAM during (almost) all
62
Chapter 5 Application and Verification of the Simulation Model
control blades are inserted as fast as possible (see section 2.2). Figure 5.18 shows the
shutdown margin for the BOC (after xenon equilibrium), MOC, and EOC.
Fig. 5.18: Shutdown margin of the Gundremmingen A BWR as a function of time
Regarding to the safety authority requirements, the SDM for BWRs with high thermal
power levels has to be between 1% and 5% [ML11]. The Gundremmingen A BWR was
one of the first commercial nuclear power plants in Germany whose design was based
on the experimental nuclear power plant (VAK) in Kahl. It produced a thermal power
of 801MW and the reactor physical and thermal hydraulic conditions were primarily
planned for the general demonstration of the generation of electrical power in a safe
operation and not for highly optimized economic feasibility. As a consequence, the
SDMs were higher compared to nowadays standards, which is also confirmed with the
simulation results.
5.7 Summary Review
In this chapter, the post-irradiation analysis program of a spent fuel unloaded from the
Gundremmingen A BWR is introduced including the measurement and analysis meth-
ods such as gamma, mass, and alpha spectrometry applied in the Ispra and Karlsruhe
establishments. Next, the benchmarking is processed in order to check the reliability of
the simulation model in terms of the differences to the measured values. The benchmark
is not only based on the data from the post-irradiation analysis, but also the design and
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operational data sheets and requirements of the safety authorities were employed. The
analysis and the comparison included selected reactor physics like isotopic concentra-
tions, burnup, and safety parameters as well as thermal hydraulics quantities.
It is shown that the applied simulation model encompassing the above quantities provides
reliable results which are in good agreement with the associated data. The average
thermal hydraulic conditions such as the fuel temperature, the moderator density, and
the void fraction accord with the operational specifications and the allowed metallurgical
requirements. The reactor physical safety parameters meet todays safety requirements
and confirm the inherent safety behavior of the core in case of a reactor transient.
The differences between the calculated and the measured isotopic concentrations are, in
general, within the accuracy requirements, if it is considered that isotopic predictions
for BWR spent fuel are associated with higher uncertainties than for example PWR
spent fuels. The nuclear simulations were oriented to the measured burnup values be-
cause the burnup is a general indicator for the enegy production and reactor physical
behavior of the fuel. Thus, the differences to the burnup values are below 10%. The
differences to other isotopes or isotopic ratios are individually different depending on the
amount of the particular isotope in the spent fuels. For instance, the differences for the
uranium-238 isotope are significantly lower than for curium-244. However, the average
difference between the simulated and the measured isotopic concentrations amounts to
approximately 19%.
In conclusion, the simulation model providing reactor physical quantities, reactor phys-
ical safety parameters, and thermal hydraulics conditions for the Gundremmingen A
BWR is validated with the data from the post-irradiation analysis as well as the design
and operational specifications. However, an improvement of the simulation method for
the BWR may be reasonable by large scale thermal hydraulic calculations, by a higher
material resolution of the calculational MCNP model, and by considering more pellets
for the benchmark process.
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Investigations of Innovative Fuel
Concepts
Based on the developed simulation model discussed in chapter 4, investigations encom-
passing the thermal hydraulics conditions, reactor operational behavior, and long-time
storage activity of two different fuel concepts are presented in this chapter. The first
fuel concept is a MOX fuel type which is based on reprocessed plutonium from spent
nuclear fuel and the second is an uranium-free thorium-based plutonium (ThPu) fuel.
The innovative aspect of this investigation is an axially heterogeneous enrichment of
the reprocessed reactor grade plutonium with the goal to extend the operational period,
increase the reactor stability and safety margins, and decrease the amount of long-lived
nuclear waste. The axially heterogeneous enrichment with plutonium show a significant
effect on the reactor physical conditions because the different concentrations of plutonium
differently interact with the axially heterogeneous neutron spectra in the BWR core. In
order to emphasize the benefits of these fuel concepts, the neutronics results are opposed
to the results of (conventional) homogeneous enrichment. The quantities for the thermal
hydraulics analysis are depicted for the beginning of the cycle (BOC) and for the end of
the cycle (EOC) in order to discuss time-dependent effects. At the end of this chapter,
a comparison between both fuel concepts and the conventional uranium dioxide fuel used
in the Gundremmingen A BWR is given.
6.1 Uranium-Based MOX Fuel
Plutonium as a major actinide is not found in the Earth's crust except for trace quantities
[Wor]. However, plutonium isotopes are artificially produced during the operation of
uranium-based nuclear fuels mostly via neutron absorption reactions of uranium-238
and the reaction/decay chain shown in figure 6.1
Because plutonium-239 and plutonium-241 likely undergo fission reactions when captur-
ing thermal neutrons, a considerable fraction of the produced heat in a thermal nuclear
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Fig. 6.1: Reaction and decay chain of uranium-235 leading to the in-pile generation of
plutonium isotopes in the reactor fuel
reactor origins from plutonium fission, also in the case of using conventional uranium-
based fuels [Nuk02]. The produced plutonium (typically 1% at EOC) and the remaining
uranium in the spent fuel assemblies can be extracted from the minor actinides by chem-
ical separation in the reprocessing facilities located amongst others in La Hague, France,
and Sellafield, Great Britain. Further details on the most important chemical separation
process called Plutonium-Uranium Recovery by Extraction (PUREX) can be found in
[LB01]. In the description of the benchmark study results given in section 5.5, the rela-
tive isotopic composition of the plutonium isotopes unloaded from the Gundremmingen
A BWR is obtained and is shown in figure 6.2.
Fig. 6.2: Calculated isotopic composition of plutonium taken from spent nuclear fuel of
the Gundremmingen A BWR
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The most common fabrication process for MOX fuel pellets is the Micronized Master
Blend (MIMAS). During this process, the extracted plutonium and uranium is milled
to uranium-plutonium oxide powder and then diluted with natural or depleted uranium
oxide to produce MOX pellets with the desired plutonium content. The plutonium
enrichment lies typically in the range of 7-8% containing, in turn, a fissile isotopes
fraction of about 70%.
The utilization of MOX fuel in BWRs as well as PWRs depends on the licensed deploy-
able amount and has to be individually considered for every power plant. According
to [Fed03], the approval has been granted by the competent authorities of the Länder
(Federal states) [in Germany] for the use of MOX fuel elements in ten pressurized water
reactors. The individually licensed deployable amounts range from 9% to 50% of the
total core inventory. In the case of boiling water reactors, licenses have been issued to
deploy up to 38% of the core inventory for the two units at Gundremmingen (units B
and C). Further licenses have been applied for. To date, MOX fuel elements have been
deployed up to 33% of the core inventory in the case of pressurized water reactors, and
up to 24% in the case of boiling water reactors.
Table 6.1 compiles the license status for the utilization of MOX fuel in nuclear power
plants in Germany [Bun10].
Location (Operator) Type
Max. Number Max. Fraction
MOX-FA per MOX-FA in
Reloading Core [%]
Gundremmingen B (RWE) BWR 68 38
Gundremmingen C (RWE) BWR 68 38
Emsland (RWE) PWR 16 25
Brokdorf (E.ON KK) PWR 161 33
Unterweser (E.ON KK) PWR 16 33
Grohnde (E.ON KK) PWR 16 33
Isar 2 (E.ON KK) PWR 24 50
Grafenrheinfeld (E.ON KK) PWR 16 33
Philippsburg 2 (EnBW) PWR 20 37
Neckarwestheim 1 (EnBW) PWR 16 9
Neckarwestheim 2 (EnBW) PWR 16 37
1 within amount of local production
Tab. 6.1: Licensed status for the utilization of MOX fuel assemblies (MOX-FA)
in commercial nuclear power plants in Germany [Bun10]
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Regarding the economical aspects of once-only plutonium and uranium recycling in MOX
fuel assemblies, the uranium consumption is decreased by 10%-20% and the amount of
plutonium intended for disposal and final storage is decreased by a factor of about 40%
[Nuk02].
In the scope of this thesis, MOX fuel composing of plutonium with an average enrichment
of 8% and an isotopic fraction according to figure 6.2 as well as of uranium with 2.53%
enriched uranium oxide are investigated.
From a reactor physics point of view, the microscopic fission cross section of the MOX fuel
composition increases with increasing plutonium fraction. This variation is observable
over the entire energy range and in the high energy range in particular as shown in figure
6.3.
Fig. 6.3: Microscopic fission cross section versus the neutron energy for different Pu
fractions in the MOX fuel [Cha+06]
The large increase of the microscopic fission cross section for high incident neutron en-
ergies provides basically the physical approach for the axially heterogeneous enrichment
levels: in the upper part of the fuel assembly, where the fast fission neutrons dominate
the spectrum, a high plutonium content and in the lower parts, where the fraction of
thermalized neutrons is higher, a lower plutonium content are chosen. At the lowest
part of the fuel assembly (between 0 cm and 41 cm), the neutron field is additionally
influenced by the absorber blade resulting in a harder spectrum. In this part, a higher
plutonium content is also used. The plutonium enrichment levels for the heterogeneous
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and the homogeneous cases as a function of the fuel assembly height are listed in table
6.2.
Axial Zone Height [cm]
Pu content Pu content
HET [%] HOM [%]
8 289 - 330 20 8
7 248 - 289 9 8
6 206 - 248 8 8
5 165 - 206 7 8
4 124 - 165 5.5 8
3 83 - 124 4.5 8
2 41 - 83 2 8
1 0 - 41 8 8
Tab. 6.2: Axially heterogeneous (HET) and homogeneous (HOM) Pu enrichment levels
for the investigated MOX fuel concept
6.1.1 MOX Fuel Analysis at Assembly Level
Thermal Hydraulics of Heterogeneous MOX Assembly
The fundamental quantity for thermal hydraulics calculations is the energy deposition
or heat source respectively. The heat is generated by the fission reaction in the fuel
pins and can be calculated with MCNP5 with an energy deposition tally. This type of
tally stores all interactions contributing to the heat generation such as fission, recoil of
a nuclei, or slowing of a charged particle as well as radiation trasport (in this model
neutrons, gammas, and electrons). The calculated total heat source at BOC (left) and
at EOC (right) are depicted in figure 6.4.
At BOC, the produced heat is mostly located in the region where the fraction of thermal
neutrons is high. With ongoing operation, the spot-like heating profile is spread more
evenly throughout the fuel pin leaving a smaller spot in the top part (EOC). The reason
is that the fissile isotopes in the lower part are strongly depleted during the first months
resulting in a lower power density of the assembly at EOC. As a further consequence,
the concentration of the fission fragments with a high neutron absorption cross section
such as xenon-135 and samarium-149 increases as discussed in detail in section 5.6.2.
As a consequence of the redistribution of the heat source, the maximum power density
in the particular heating spot is decreased from 214W/cm3 at BOC to 172W/cm3 at
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Fig. 6.4: Calculated spatial heat source profile in the heterogeneous MOX fuel pins at
BOC (left) and EOC (right)
EOC. The average values amount to 51.394W/cm3 at BOC and 48.603W/cm3 at EOC.
The averaged power density over all fuel assemblies of the Gundremmingen A BWR core
amounts to 40.8W/cm3 (see table 5.1 in section 5.2). This average value also contains
the power densities of the fuel assemblies in the second, third, and fourth irradiation
cycle, which are generally smaller due to the decreasing fissile inventory ratio. As a
result, the average power density is smaller than for fresh uranium-based fuel assemblies
and it can be concluded that the power density of the heterogeneous MOX fuel is in
good agreement with the values for this BWR design.
The locally deposited heat from the slowing of the fission fragments and beta rays is
transferred via conduction through the entire fuel pin depending on the thermal conduc-
tivity of the fuel composition (see figure F.7 in appendix F.3). Additionally, the gamma
particles deposit their energy in the form of heat mainly within the entire reactor core
due to the longer interaction ranges than the charged fission products. Figure 6.5 and 6.6
show the calculated spatial temperature and temperature gradient profiles, respectively.
Although MOX fuel and uranium-based fuel show an almost identical thermal conduc-
tivity (see figure F.7 in appendix F.3), the maximum fuel temperature in the case of
the heterogeneous MOX of 1240K is about 200K lower than in conventional fuel. This
positive effect in terms of reactor safety can be explained with an increase of the fis-
sion reaction rate in the upper part of the fuel assembly due to the high fraction of
plutonium. The reaction rate in the upper part in conventional uranium-based or ho-
mogeneous MOX fuel is significantly smaller. These neutronics effects and the resulting
power distribution respectively are discussed in detail in section 6.1.1. The decrease of
the maximum temperature in the fuel pins has a positive influence on the temperature
safety margin of the BWR core because of the significant higher gap to the melting tem-
peratures of UO2 pellets and the zircaloy cladding of approximately 3000K and 2125K,
respectively [Pop+00] [LSB78].
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Fig. 6.5: Calculated spatial temperature profiles in the heterogeneous MOX pins at BOC
(left) and EOC (right)
Fig. 6.6: Calculated temperature gradient profiles in the heterogeneous MOX pins at
BOC (left) and EOC (right)
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Based on the temperature profile, the radially-averaged coolant density as a function of
the assembly height and time is calculated under the assumption of a constant pressure
and is shown in figure 6.7. As expected, the steam fraction increases, or rather the
coolant density decreases, within the cooling channel with increasing assembly height.
Accordingly, the heat flux as well as the temperature gradient between the fuel and the
cladding surface becomes smaller and the temperature of the fuel pin rises.
Fig. 6.7: Calculated radially-averaged coolant densities versus the assembly height as a
function of time for the heterogeneous MOX fuel
Figure 6.8 and 6.9 show the calculated conductive and convective heat flux, respectively.
The convective heat transfer does not change significantly during the operation and is
therefore shown for BOC only.
In the steady state operation of the reactor, the conductive and the convective heat
fluxes are equal. However, as can be seen in the figures 6.8 and 6.9, the maximum con-
vective heat flux is about five orders of magnitude higher than the maximum conductive
heat flux. The reasons are that the specific heat capacity of the coolant (Fig. F.2 in
appendix F.1) is about one order of magnitude higher than the specific heat capacity
of the heterogeneous MOX fuel (Fig. F.6 in appendix F.3). In addition, the coolant is
preheated and externally passed through the reactor with relatively high flow velocities
of about 40m/s resulting in an efficient heat removal rate and forced convection in the
cooling channel only.
According to table 5.2, the maximum conductive heat flux in the Gundremmingen A
BWR amounts to 115.8W/cm2 which is almost the exact result of the simulated conduc-
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Fig. 6.8: Calculated distribution of the conductive heat flux in the heterogeneous MOX
fuel pins at BOC (left) and EOC (right)
Fig. 6.9: Calculated distribution of the convective heat flux in the cooling channel in the
heterogeneous MOX fuel pins at BOC
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tive heat flux values of 116.7W/cm2 at BOC and 114.3W/cm2 at EOC. On the other
hand, the average conductive heat flux in the Gundremmingen A BWR of 39.2W/cm2
is higher than the obtained average value of the heterogeneous MOX fuel of about
27.7W/cm2 leading to a decrease of the mechanical stress acting on the material struc-
tures in the latter case.
Burnup Behavior of the MOX Fuel
As mentioned above, the amount of plutonium and long-lived minor actinides in spent
nuclear fuels play an important role for long-time storage purposes. The long-lived MA
are mostly produced via neutron capture reactions of the higher plutonium isotopes
and subsequent radioactive decays. The production of this high-level radioactive waste
depends therefore on the fraction of plutonium isotopes and is expected to be mainly
observed in the upper part of the assembly loaded with the heterogeneous MOX fuel.
However, the fraction of fission to absorption cross section of these isotopes is favorable
for high-energy neutrons as shown in figure 2.4 in section 2.1.2. These fission neutrons
dominate in the upper part of the BWR and counter therefore the production of undue
MA quantities.
The figures 6.10 and 6.11 depict the calculated values for the buildup rate of the MA and
the depletion rate of the major actinides, respectively, normalized to the total burnup
for the homogeneous and the heterogeneous plutonium enrichment.
Fig. 6.10: Calculated buildup rates of the minor actinides in the homogeneous and the
heterogeneous MOX fuel
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Fig. 6.11: Calculated depletion rates of the major actinides in the homogeneous and the
heterogeneous MOX fuel
In the homogeneous as well as in the heterogeneous case, the buildup rate during an
operating time of 300 days of neptunium from the uranium-238 isotope amounts to
0.57 g/(MWd/kgHM) and is comparably low because of the short half-life of these iso-
topes of a few days or a few minutes respectively (see also figure 6.1). The buildup of
neptunium from the uranium-235 isotope can be neglected because uranium-235 mostly
undergoes a fission reaction after absorbing a neutron. On the other hand, the reac-
tion rates for neutron absorption of the plutonium isotopes are high due to the high
absorption cross section as shown in appendix E; hence, americium as the next heavier
neighbor shows a significant buildup of about 11.42 g/(MWd/kgHM). The buildup of
curium in turn amounts to 0.34 g/(MWd/kgHM) and is very low due to the high amount
of necessary neutron capture reactions and small reactions rates respectively. Further-
more, it can be concluded that the buildup rates for all MA are about 3-4% lower in the
heterogeneous compared to the homogeneous case.
As depicted in figure 6.11, approximately 72 g/(MWd/kgHM) uranium and plutonium
are depleted whereas the depletion rate of uranium is increased by about 15% in the
heterogeneous case. The depletion rate of plutonium remains almost constant in both
fuel types.
The tables 6.3, 6.4, and 6.5 list the calculated isotopic buildup and depletion rates
normalized to the total burnup in terms of the difference between the EOC concentration
and the BOC concentration for the most important isotopes (long half-lifes) with respect
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to the axial zone (AZ) for the homogeneous and the heterogeneous cases. At the end of
every column the percentage difference is given according to:
(
value(heterogeneous)
value(homogeneous)
− 1
)
· 100%.
Isotopic Buildup Rate [g/(MWd/kgHM)total]
Isotope 233U 237Np 242Pu
T1/2 [a] 1.59E+05 2.14E+06 3.75E+05
HOM HET HOM HET HOM HET
AZ 8 8.04E-06 1.58E-05 1.59E-01 3.87E-01 5.60E-01 1.69E+00
AZ 7 1.21E-05 2.65E-05 3.08E-01 5.69E-01 8.86E-01 2.16E+00
AZ 6 1.69E-05 2.04E-05 4.18E-01 5.62E-01 1.37E+00 2.25E+00
AZ 5 2.38E-05 2.02E-05 5.46E-01 6.13E-01 1.95E+00 2.61E+00
AZ 4 3.03E-05 2.14E-05 6.77E-01 6.61E-01 2.74E+00 3.44E+00
AZ 3 3.55E-05 2.59E-05 9.03E-01 6.92E-01 3.75E+00 4.04E+00
AZ 2 3.66E-05 2.02E-05 1.04E+00 6.11E-01 6.05E+00 3.35E+00
AZ 1 2.02E-05 1.39E-05 5.96E-01 3.51E-01 3.73E+00 2.32E+00
Sum 1.83E-04 1.64E-04 4.64E+00 4.45E+00 2.10E+01 2.19E+01
Diff [%] -10.59 -4.26 3.42
Tab. 6.3: Calculated isotopic buildup rates of the homogeneous (HOM) and the hetero-
geneous (HET) MOX normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
The tables 6.3, 6.4, and 6.5 demonstrate that fuel assemblies with heterogeneous en-
richment have the potential to decrease the production of long-lived MA and increase
the depletion of uranium and plutonium in comparison to the conventional utilization
of MOX fuel in BWRs. As a consequence, the amount of long-lived isotopes intended
for final storage can be decreased. For instance, the production of curium is decreased
by 15.2% and the depletion of uranium and plutonium is increased by 14.9% and 3.7%,
respectively. In particular, the production of curium-247 (T1/2=15.6·106 a) is decreased
by 56.1% and of plutonium-244 (T1/2=80·106 a) by 22.0%. However, the heterogeneous
MOX fuel shows a slightly higher production rate of plutonium-242 (T1/2=3.75·105 a) of
about 3.4%. Furthermore, the buildup and depletion rates of all important isotopes are
axially more constant in the heterogeneous case than in the homogeneous case resulting
in an axially more constant fuel utilization as well.
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Isotopic Buildup Rate [g/(MWd/kgHM)total]
Isotope 244Pu 243Am 247Cm
T1/2 [a] 8.0E+07 7.4E+03 15.6E+06
HOM HET HOM HET HOM HET
AZ 8 1.26E-05 8.23E-05 9.53E-01 3.28E+00 3.86E-11 1.61E-09
AZ 7 4.61E-05 1.44E-04 1.86E+00 3.19E+00 1.00E-09 1.82E-08
AZ 6 8.72E-05 1.40E-04 2.54E+00 2.99E+00 4.86E-09 2.00E-08
AZ 5 1.39E-04 1.67E-04 3.21E+00 3.28E+00 1.53E-08 2.94E-08
AZ 4 2.02E-04 1.98E-04 3.77E+00 3.48E+00 4.43E-08 5.39E-08
AZ 3 3.30E-04 1.98E-04 4.81E+00 3.21E+00 1.39E-07 6.67E-08
AZ 2 4.40E-04 1.09E-04 5.51E+00 1.84E+00 2.92E-07 3.69E-08
AZ 1 1.59E-04 6.43E-05 3.35E+00 2.25E+00 2.45E-08 2.25E-09
Sum 1.41E-03 1.10E-03 2.60E+01 2.35E+01 5.21E-07 2.29E-07
Diff [%] -22.04 -9.03 -56.06
Tab. 6.4: Calculated isotopic buildup rates of the homogeneous (HOM) and the hetero-
geneous (HET) MOX normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
Isotopic Depletion Rate [g/(MWd/kgHM)total]
Isotope 235U 239Pu
HOM HET HOM HET
AZ 8 -8.29E+00 -1.31E+01 -2.38E+01 -8.35E+01
AZ 7 -1.52E+01 -2.80E+01 -4.16E+01 -8.14E+01
AZ 6 -2.11E+01 -3.07E+01 -5.79E+01 -8.00E+01
AZ 5 -2.73E+01 -3.38E+01 -7.84E+01 -9.12E+01
AZ 4 -3.38E+01 -4.11E+01 -9.84E+01 -1.10E+02
AZ 3 -4.35E+01 -4.85E+01 -1.32E+02 -1.13E+02
AZ 2 -5.51E+01 -5.87E+01 -1.89E+02 -7.05E+01
AZ 1 -3.43E+01 -2.03E+01 -1.21E+02 -8.17E+01
Sum -2.39E+02 -2.74E+02 -7.42E+02 -7.12E+02
Diff [%] 14.90 -4.11
Tab. 6.5: Calculated isotopic depletion rates of the homogeneous (HOM) and the hetero-
geneous (HET) MOX normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
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Power Distribution in the MOX Fuel Assembly
The high amount of plutonium and higher MA in the upper part of the assembly loaded
with the heterogeneous MOX fuel leads to an increase of the neutron induced fission
reactions and has therefore a direct influence on the burnup and power distribution
respectively. Figure 6.12 shows the calculated fission rates in the upper part of the
fuel assembly (between 289 cm and 330 cm) for chosen isotopes with significant long
half-lifes as a function of the burnup for the conventional homogeneous (left) and the
heterogeneous (right) plutonium enrichment.
Fig. 6.12: Calculated fission reaction rates of actinides with long half-lifes in the upper
part of the homogeneous and the heterogeneous MOX fuel assembly versus
the burnup
The burnup of the heterogeneous MOX fuel is increased by a factor of approximately 2.8
which is a result of the increased amount of fission reactions. The increase of the fission
reaction rate is expected because on the one hand the enrichment in plutonium is higher
and on the other hand the product of microscopic cross section and the neutron flux of
these isotopes have an optimum value for the given neutron spectrum in the upper part
of this BWR fuel assembly as discussed above. For instance, the fission reaction rates at
EOC of the heterogeneous MOX fuel of plutonium-242, americium-243, neptunium-237,
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and plutonium-244 is increased by a factor of 10 in comparison to the homogeneous
case. By this way, an optimized fuel utilization and a significant reduction of long-lived
plutonium and MA is achieved in the upper part.
Considering that both fuel assemblies are operated at the same power level, the burnup
in the lower part of the fuel assembly is consequently decreased for the heterogeneous
MOX fuel. This behavior can also be seen in figure 6.13.
Fig. 6.13: Calculated burnup of the homogeneous and the heterogeneous MOX fuels with
respect to the operating cycle of 300 days (both) and 375 days (heterogeneous)
versus the assembly height
As expected, a fuel assembly loaded with the homogeneous enrichment shows a high peak
in the burnup profile in the lower part and strongly decreases with increasing assembly
height (black curve). The decrease goes from the maximum value of 8.75MWd/kgHM to
the minimum value of 1.53MWd/kgHM resulting in a decline ratio of about 5.72. The
axially-averaged burnup value amounts to 5.51MWd/kgHM (black dashed line).
The burnup profile in the assembly loaded with the heterogeneous enrichment (red curve)
remains, in comparison to the homogeneous profile, mainly constant around the average
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burnup value of about 5.55MWd/kgHM (red dashed line). The average value is approx-
imately equal to the average value of the heterogeneous enrichment because the same
amount of power is produced in both cases. However, the decline ratio is only 1.66 in
the heterogeneous case.
From the operational perspective, the fuel assemblies have to be shued or unloaded
after reaching a certain burnup limit at any spatial point in the fuel assembly because
the intensity of the power density strongly descends beyond this burnup value. In the
case of shuing, the fuel assembly is moved to areas where the absolute neutron flux
is higher allowing a balance of the loss of fissile isotopes and keep the fission rate on a
high level. For conventional MOX-based fuels in this type of BWR, this limiting value
is about 8.75MWd/kgHM. Because of the favorable decline ratio of the heterogeneous
MOX fuel, the limiting value is not achieved by an operating cycle of 300 days but
after 375 days (blue curve in figure 6.13). This means the operation cycle is extended
by 75 days or 25%, and the spatial-average burnup of the fuel assembly is increased to
6.94MWd/kgHM (blue dashed line). This extension has again a positive influence on the
overall fuel utilization rate resulting in a higher economical efficiency.
Activity Inventory of Spent Heterogeneous MOX Fuel
Referring to the data in [B+79], the fuel assemblies are deployed in a four-batch operation
cycle. Corresponding to a total operation and shutdown time of about 1100 days and
150 days, respectively. After unloading from the BWR core, the activity of the actinides,
the daughters, and the fission products normalized to the final burnup is calculated as
a function of the time and are depicted in the figures 6.14, 6.15, and 6.16.
With regard to the calculated period, the total activity level is mainly determined by
the activity of the actinides especially plutonium, curium, and americium as depicted
in figure 6.14. The activity fraction of the fission products, mainly promethium and
cesium (see figure 6.15), has little influence at the very beginning of the storage time
only. As can be shown, the total activity (actinides, daughters, and fission products) of
the conventional uranium oxide fuel during the first year of the storage time is mainly
determined by the fission products tellurium, ruthenium, rhodium, and cerium and the
following 10 years by promethium and cesium. After this period, most of the fission
products are decayed and the activity is dominated by the actinides plutonium, curium,
and americium.
The activity of the spent heterogeneous MOX fuel reaches the activity level of original
uranium ore after about 2.0·104 years which is earlier than for conventional MOX fuel.
The activity evolution of the conventional uranium-based fuels is discussed below in
section 6.3.
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Fig. 6.14: Calculated activity evolution of the actinides and the daughters of the hetero-
geneous MOX normalized to the burnup after unloading from the BWR
Fig. 6.15: Calculated activity evolution of the fission products of the heterogeneous MOX
normalized to the burnup after unloading from the BWR
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Fig. 6.16: Calculated cumulative activity evolution of the actinides and the fission prod-
ucts of the heterogeneous MOX normalized to the burnup after unloading from
the BWR
6.1.2 Heterogeneous MOX Fuel Analysis at Core Level
Based on the conventional Gundremmingen A BWR calculational model described in
chapter 5.3.1, fresh uranium-based fuel assemblies were replaced with assemblies loaded
with the heterogeneous MOX fuel. The number of replacements is determined in an
iterative way. The initially chosen MOX-FA loading was 24% which, according to table
6.1, is the case of standard core loading management in German BWRs. For this con-
figuration, the reactivity of the core was calculated resulting in a prompt critical reactor
state, even in the case of fully inserted control rods. The reason for this critical state is
the higher excess reactivity of the assemblies loaded with the heterogeneous MOX (high
plutonium enrichment) in comparison to conventional fresh uranium oxide fuels. In the
following, the number of replacements was successively decreased leading to an optimum
value of ten replacements (11%) of the total number. The particular core loading pattern
(figure 6.17) is chosen based on the fuel assembly shuing data taken from [B+79] and
the Haling principle described in section 5.6.2 and in [Dem00].
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Fig. 6.17: Loading pattern of the BWR core model including 11% fuel assemblies loaded
with the heterogeneous MOX based on the shuing data taken from [B+79]
and the Haling principle
The power density distribution between 83 cm and 124 cm and between 289 cm and
330 cm are shown in figure 6.18 and 6.19, respectively. The position of the absorber
blades is determined by adjusting the initial effective neutron multiplication factor of
this arrangement to 1.08 (see section 5.1) resulting to an insertion length of 90 cm.
Thus, the absorber blades cover the bottom two axial zones which is important for the
interpretation of the following results. The position of the absorber blades is kept on
the same level during the whole neutronic simulations.
A comparison between the power density distributions at BOC (left) and at EOC (right)
in the figures 6.18 and 6.19 shows that the initial criterion of the Haling principle,
which states that the power density distribution does not change appreciably during the
operation cycle, is fulfilled with the chosen loading pattern depicted in figure 6.17. The
changes of the maximum values for both axial zones are about 10% and it turned out
that this is the minimum peaking factor for this fuel loading arrangement. It has to be
considered that the maximum power density slightly increases with ongoing operating
time in the third axial zone. This can be explained with the breeding of fissile isotopes
during the irradiation.
The results of the power density calculations given in figure 6.18 and 6.19 demonstrate
that the maximum values of 77W/cm3 and 127W/cm3, respectively, are lower in the
third axial zone (83 cm - 124 cm, figure 6.18) than in the eighth axial zone (289 cm -
330 cm, figure 6.19). The reason is that the inserted absorber blades have a strong atten-
uating effect on the thermal neutron flux in the third axial zone. However, the maximum
values are only slightly higher than the licensed operational limit of 119W/cm3.
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Fig. 6.18: Calculated power density distribution in the third axial zone at BOC (left)
and EOC (right) of the BWR core model including 11% fuel assemblies loaded
with the heterogeneous MOX
Fig. 6.19: Calculated power density distribution in the eighth axial zone at BOC (left)
and EOC (right) of the BWR core model including 11% fuel assemblies loaded
with the heterogeneous MOX
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Because of the decreasing fission reaction rate in the upper part of the conventional
uranium-based assemblies (see section 2.1.2), these fuel assemblies contribute one half
to the total power generation in the eighth axial zone. The second half comes from the
ten fuel assemblies loaded with the heterogeneous MOX. However, the contribution of
the UO2 fuels increases with decreasing BWR core height due to the increase of thermal
neutrons.
Heterogeneous MOX Fuel: Reactor Physics and Reactivity Coefficients
The determination of the control blade insertion in this model is done as described in
section 5.1 and amounts to 90 cm. Because the excess reactivity in the core is increased
due to the fuel assemblies loaded with the heterogeneous MOX fuel, the potential of
an extended operating cycle is additionally investigated. Thus, the operating cycle is
calculated up to 400 days instead of 300 days followed by a shutdown time of 65 days
in both cases. The calculated reactivity as a function of the operating time is shown in
figure 6.20.
Fig. 6.20: Calculated reactivity of the BWR core model including 11% fuel assemblies
loaded with the heterogeneous MOX versus the operating time
The initial amount of reactivity is 7.4% and, after the first two days, linearly decreases to
approximately -3.1% after 400 days. It has to be considered that, as a consequence of the
burnup simulations, the reactor is in these cases prompt critical at BOC and inoperative
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at EOC. The reason for this behavior is the same as for the Gundremmingen A BWR
described in section 5.6.2.
Based on the calculational MCNP models for BOC (after xenon equilibrium), MOC, and
EOC, the nuclear safety parameters are calculated. For this purpose, the temperature
of the fuel and the coolant as well as the void fraction in the coolant is individually
changed and the reactivity of the associated models is calculated. For the simulation,
±300K is applied for the temperature and ±5% for the void fraction. The slope of a
line fit through the three reactivity values (decreased, normal, and increased quantity)
determines the final reactivity coefficient. The temperature reactivity coefficients of the
fuel and the moderator as well as the void coefficient of the coolant are depicted in figure
6.21.
Fig. 6.21: Calculated temperature reactivity coefficients of the fuel and moderator as well
as the void reactivity coefficient at BOC (after xenon equilibrium), MOC, and
EOC
Regarding the safety requirements, the reactivity coefficients must be negative at any
time in order to have an inherent safety feature by an intrinsic regulation mechanism
which supports the shutdown of the reactor in case of a transient and an accident re-
spectively. The safety coefficients of the core model including 11% fuel assemblies loaded
with the heterogeneous MOX fuel fulfill this requirement. In addition, the nuclear safety
parameters remain almost constant over the entire operating cycle. Furthermore, the
temperature coefficient of the fuel (about 2 pcm/K) is lower by a factor of approximately
25 than that of the temperature coefficient of the coolant (about 50 pcm/K). The re-
activity response of the core is therefore significantly more sensitive to changes in the
temperature of the coolant than to changes in the temperature of the fuel.
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Lastly, the shutdown margin at BOC (after xenon equilibrium), MOC, and EOC is
calculated. As a matter of safety requirements, the shutdown margin, depending on the
operational mode, has to be between 1% and 5%. This is achieved by the core model
including 11% fuel assemblies loaded with the heterogeneous MOX fuel as depicted in
figure 6.22.
Fig. 6.22: Calculated shutdown margin of the BWR core model including 11% fuel as-
semblies loaded with the heterogeneous MOX at BOC (after xenon equilib-
rium), MOC, and EOC
Burnup Rate of Heterogeneous MOX Fuel at Core Level
The buildup of actinides in the fuel assemblies plays a key role for the investigations
of the storage of spent nuclear fuel. Especially for long-term storage facilities including
the repositories, particular criteria have to be satisfied including amongst others the
declaration of the absolute masses intended for storage and the activity inventory in the
storage drum. In order to compare the results with the Gundremmingen A BWR, an
operating cycle of 300 days and a shutdown time of 65 days is assumed leading to the
following results.
Figure 6.23 depicts the buildup (left) and depletion (right) for the actinides obtained
with the entire core model.
87
Chapter 6 Investigations of Innovative Fuel Concepts
Fig. 6.23: Calculated buildup (left) and depletion (right) rates of the actinides with the
BWR core model including 11% fuel assemblies loaded with the heterogeneous
MOX
Plutonium is generated in the fuel pins (1.44 kg/(MWd/kgHM)) because of the con-
siderable high neutron capture cross section of uranium-238 as shown in appendix
E and subsequent radioactive decays. In parallel, fissile plutonium isotopes are con-
sumed providing the power production in the reactor core. Furthermore, a buildup
of 0.11 kg/(MWd/kgHM) neptunium and 0.20 kg/(MWd/kgHM) americium as the next
higher neighbors of uranium and plutonium, respectively, is observed. The buildup of
curium in turn is one order of magnitude lower than the buildup of neptunium and
americium (approximately 0.02 kg/(MWd/kgHM)). In addition, traces of thorium and
protactinium are produced but the absolute amount is about five to six orders of mag-
nitude lower than for neptunium. Regarding the consumption of uranium as a nucelar
fuel, about 13.81 kg/(MWd/kgHM) uranium is depleted during an operating cycle.
In contrast to the fuel assembly study, the control blades are inserted from the bottom
into the core model including 11% fuel assemblies loaded with the heterogeneous MOX
fuel and cover the first two axial zones. Hence, the reactor physical conditions are
additionally influenced in terms of the radially and axially inhomogeneity of the neutron
spectra. The isotopic buildup and depletion rates, which are also influenced by these
spectral effects, are shown in figure 6.24.
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Fig. 6.24: Calculated isotopic buildup (top) and depletion (bottom) rates in the BWR
core model including 11% fuel assemblies loaded with the heterogeneous MOX
normalized to the total burnup versus the active core height (axial zone)
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The buildup and depletion rates of uranium-235, neptunium-237, plutonium-242, and
americium-243 in the first and second axial zones differ from the residual zones by more
than one order of magnitude. The reason is that the coolant is entirely in the liquid phase
and the fission neutrons are efficiently thermalized. However, these thermal neutrons
are captured by the boron powder in the absorber blades and, hence, the number of
nuclear reactions in the nuclear fuels is strongly decreased. For instance, 1.2 kg/cycle
plutonium-239 is buildup in the lower two zones but about 10.4 kg/cycle is depleted in
the upper six zones.
It can be concluded that the fuel assemblies loaded with the heterogeneous MOX fuel
show the same behavior at assembly level and at core level because they are responsible
for axially more uniform buildup and depletion profiles in the core. As a consequence,
the usually expected large increase of the reaction rates and activity in the lower part
of the fuel assemblies is balanced. This has a significant positive impact on the activity
and decay heat distribution in the unloaded fuel assemblies intended for disposal.
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6.2 Thorium-Plutonium-Based Fuel
The idea of utilizing thorium in the form of a fertile matrix for nuclear fuels originates
from Eugene Wigner in the early 1940s [Wig46]. Up to now, the following advantages
and drawbacks of thorium and thorium dioxide for the utilization as a nuclear fuel in
comparison to uranium and uranium dioxide are known [BB10]; [Lun96]; [Int12]; [Int02];
[Int05].
Advantages: thorium
 is three to four times more abundant in nature
 is almost exclusively composed of thorium-232
 is a fertile material and can produce the fissile uranium-233
 dioxide shoes a chemically more stable structure and behavior
 dioxide possesses better thermal conductivity and also a lower thermal expansion
coefficient
 dioxide has a higher melting point than UO2 (3370 °C compared to 2760 °C)
 based fuels produce much lesser quantities of long-lived nuclear waste because
thorium-232 is lighter than uranium-238
 fuel cycle has more advantageous to proliferation resistance
Drawbacks:
 thorium-232 produces, after absorbing a neutron, first thorium-233 which in turn
decays to protactinium-233 having a relatively long half-life of 27 days
 via the (n,2n)-reaction of uranium-233 as well as via the (n,2n)-reaction of thorium-
232 and subsequent (n,γ)-reactions, uranium-232 is formed which has hard gamma
emitters (2MeV to 2.6MeV) among the descendents, e.g., thallium-208 or bismuth-
212
 the process of the production of thorium dioxide dissolution is not as simple as
that of UO2
 thorium-based fuels require a preceding reprocessing step by means of adding fissile
isotopes such as uranium-235 or plutonium-239
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Because of the relatively long half-life of the compound nucleus protactinium-233 (27
days), two main challenges occur: first, protactinium-233 undergoes a neutron capture
reaction in the neutron field of the reactor core before it decays to the fissile uranium-233.
In this case, protactinium-234 is formed which in turn decays to uranium-234 after
1.2min as can be seen in the reaction/decay scheme depicted in figure 6.25. Second, in
case of a shutdown of the reactor core, a delayed production of uranium-233 is observed
resulting in a reactivity surge which has to be considered in the post-operating phase. In
comparison to the conventional uranium-based fuel, this surge is not an issue in the case
of the conversion of the fertile uranium-238 to the fissile plutonium-239 cycle because
the compound nucleus neptunium-239 has a short half-life of 2.35 days only.
Fig. 6.25: Reaction and decay chain of thorium-232 leading to the in-pile production of
uranium isotopes in the reactor fuel
One of the other drawbacks is the required reprocessing step for the blending of the
fertile thorium-232 and the fissile actinides such as uranium-235 or plutonium-239 to a
composite fuel in order to initiate the nuclear chain reaction and the in-pile breeding of
uranium-233 from thorium-232. On the other hand, the similar sophisticated uranium-
enrichment step has been developed for the utilization of UO2 fuel in BWRs for many
decades. However, the reprocessing of thorium offers the use up of the excess plutonium
stocks on the market, of civil plutonium, and plutonium from spent nuclear fuels.
In the scope of this thesis, the use of plutonium extracted from spent nuclear fuels
unloaded from a three-loop Westinghouse PWR type is investigated. This fuel compo-
sition is investigated in [Bod04] with special regard to optimization of the fuel cycle in
conjunction with partitioning and transmutation (P&T). In addition, the physics, fea-
sibility, and performance of a thorium-based fuel for the application and deployment in
different reactor systems including PWR have been studied in the framework of a Euro-
pean thorium cycle project [Int12]. After the reprocessing step, the final homogeneous
fuel composition amounts to 89% in thorium-232 and 11% in plutonium. The isotopic
composition of the plutonium is shown in the pie chart in figure 6.26.
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Fig. 6.26: Calculated isotopic composition of plutonium taken from spent nuclear fuel of
a three-loop Westinghouse PWR type [Bod04]
Besides the plutonium isotopes, traces of uranium-234, uranium-235, and uranium-
236 are contained in the fuel composition with a relative isotopic fraction of 7.09E-05,
5.37E-06, and 8.92E-06, respectively. These uranium impurities are residuals from the
natural ore from which the thorium is extracted. In addition, americium-241 with a rela-
tive fraction of 1.68E-03 is found in the fuel composition which is buildup via the natural
decay of plutonium-239 in the time between the extraction from the spent nuclear fuel
and the reprocessing step.
Similar to the homogeneous and heterogeneous enrichment of the MOX-based fuel dis-
cussed in chapter 6.1, the enrichment with plutonium embedded in the thorium-232
matrix is axially heterogeneous. The microscopic fission cross section of the ThPu fuel
depends on the plutonium fraction as depicted in figure 6.27.
Based on the behavior of the microscopic fission cross section, it is assumed that the
fission rate can be axially homogenized in a BWR when the plutonium content is axially
varied. The axial plutonium enrichment levels investigated in this study as a function
of the fuel assembly height are compiled in table 6.6.
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Fig. 6.27: Microscopic fission cross section versus the neutron energy for different Pu-
contents in the heterogeneous ThPu fuel [Cha+06]
Axial Zone Height [cm]
Pu content Pu content
HET [%] HOM [%]
8 289 - 330 19 11
7 248 - 289 13 11
6 206 - 248 10 11
5 165 - 206 9 11
4 124 - 165 9 11
3 83 - 124 10 11
2 41 - 83 10 11
1 0 - 41 10 11
Tab. 6.6: Axially heterogeneous (HET) and homogeneous (HOM) Pu enrichment levels
for the investigated ThPu fuel concept
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6.2.1 ThPu Fuel Analysis at Assembly Level
Thermal Hydraulics of Heterogeneous ThPu Fuel
The fundamental quantity for thermal hydraulics calculations is the energy deposition
or heat source respectively. The heat is generated by the fission reaction in the fuel
pins and can be calculated with MCNP5 with an energy deposition tally. This type of
tally stores all interactions contributing to the heat generation such as fission, recoil of
a nuclei, or slowing of a charged particle as well as radiation transport (in this model
neutrons, gammas, and electrons). The calculated total heat source at BOC (left) and
at EOC (right) are depicted in figure 6.28.
Fig. 6.28: Calculated spatial heat source profile in the heterogeneous ThPu fuel at BOC
(left) and EOC (right)
As can be seen in figure 6.28 left, the deposited heat by the neutrons, gammas, and
electrons is mainly located in the upper half of the fuel assembly at BOC. With ongoing
operation, this large heating volume moves to the bottom end and to the top end of the
fuel assembly (Fig. 6.28 right).
In general, the heating is decoupled from the thermal neutron field, which is contrary
to uranium-based fuel in BWRs. The reason is that thorium-232 is not fissionable with
thermal neutrons and the heat is produced solely by the fission reaction of the plutonium
isotopes. At BOC, the heat is therefore mostly produced in the upper half of the fuel
assembly where the plutonium content is slightly higher than in the lower part.
With ongoing operation till the EOC, a high amount of uranium-233 is produced by
breeding during the operating cycle especially in the lower part of the fuel assembly due
to the high neutron absorption rate of thorium-232 in the thermal spectrum. Because
uranium-233 has a much higher microscopic fission cross section for thermal neutrons
than the plutonium isotopes for fast neutrons (see cross sections in appendix E) , fission
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reactions likely occur in the lower part of the fuel assembly. However, the large fraction
of plutonium in the upper part leads to fission reactions as well and contribute to the
total heat production (see fission fraction of absorption cross section in figure 2.4 in
section 2.1.2).
As a consequence of the redistribution of the broad heating volume during the operating
cycle and the breeding of fissile uranium-233, the maximum power density is increased
from 219W/cm3 at BOC to 240W/cm3 and EOC. The fual assembly average values
amount to 57.26W/cm3 at BOC and 50.26W/cm3 and EOC. By comparioson, the full
core average power density of the Gundremmingen A BWR amounts to 40.8W/cm3 (see
table 5.1 in section 5.2). Taking in to account that this average value contains the power
densities of the fuel assemblies in the second, third, and fourth irradiation cycle, which
are generally smaller due to the decreasing fissile inventory ratio, it can be concluded
that the power density of the heterogeneous ThPu fuel is in agreement with fresh fuel
assemblies of this BWR design.
The locally deposited heat by the fission fragments and beta rays is transferred via
conduction through the entire fuel pin depending on the thermal conductivity of the
fuel composition (see figure F.7 in appendix F.3). Additionally, the gamma particles
deposit their energy in the form of heat mainly within the entire reactor core due to the
longer penetration range than the charged fission products. Figure 6.29 and 6.30 show
the calculated spatial temperature and temperature gradient profiles, respectively.
Fig. 6.29: Calculated spatial temperature profiles in the heterogeneous ThPu fuel pins
at BOC (left) and EOC (right)
The maximum fuel temperature amounts to 1228K and is about 200K lower than in
conventional fuel. This positive effect in terms of reactor safety can be explained with the
higher thermal conductivity of thorium-based fuels in comparison with uranium-based
fuel as can be seen in figure F.7 in appendix F.3. Additionally, the movement of the
heating distribution from the broad volume covering the upper half of the fuel assembly
at BOC to the upper and lower ends at EOC is in contrast to uranium-based fuels, where
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Fig. 6.30: Calculated temperature gradient shapes in the heterogeneous ThPu fuel pins
at BOC (left) and EOC (right)
only a small heating spot moves slightly upwards with ongoing operating time. This,
the heat density profiles are more uniformly distributed in the heterogeneous ThPu fuel.
Further neutronics effects and the resulting power distribution respectively are discussed
in detail in section 6.2.1. The decrease of the maximum temperature in the fuel pins has
a positive influence on the temperature safety of the BWR core because of the significant
higher margin to the melting temperatures of UO2 pellets and the zircaloy cladding of
approximately 3000K and 2125K, respectively [Pop+00] [LSB78].
Based on the temperature profile, the radially-averaged coolant density as a function of
the assembly height and time was calculated under the assumption of a constant pressure
and is shown in figure 6.31. As expected, the steam fraction increases, or rather the
coolant density decreases, within the cooling channel with increasing assembly height.
Considering that the heat transfer coefficient of the steam is lower than of the liquid
coolant (two-phase flow), the temperature gradient between the fuel and the cladding
surface becomes smaller and the temperature of the fuel pin rises.
Due to the longer heating volume located in the upper half of the fuel assembly at BOC,
the coolant remains in the liquid phase up to more than 2 meters from the bottom of the
active zone. Above this level the coolant starts to boil, steam bubbles are formed, and
the radially-averaged coolant density decreases. At EOC, the coolant starts to boil at
about 50 cm from the bottom of the active zone because in this part of the fuel assembly
the fission rate is increased due to the bred uranium-233 isotopes reuslting in a higher
amount of heat generation.
Figure 6.32 and 6.33 show the calculated conductive and convective heat flux, respec-
tively. The convective heat flux does not change significantly during the operation and
therefore is shown for the beginning of the cycle (BOC) only.
In the steady state operation of the reactor, the conductive and the convective heat
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Fig. 6.31: Calculated radially-averaged coolant densities versus the assembly height as a
function of time in the heterogeneous ThPu fuel
Fig. 6.32: Calculated distribution of the conductive heat flux in the heterogeneous ThPu
fuel pins at BOC (left) and EOC (right)
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Fig. 6.33: Calculated distribution of the convective heat flux in the cooling channel in
the heterogeneous ThPu fuel pins at BOC
fluxes are equal. However, as can be seen in the figures 6.32 and 6.33, the maximum
convective heat flux density is about five orders of magnitude higher than the conductive
heat flux. The reasons are that the specific heat capacity of the coolant (Fig. F.2 in
appendix F.1) is about one order of magnitude higher than the specific heat capacity
of the heterogeneous ThPu fuel (Fig. F.6 in appendix F.3). In addition, the coolant is
preheated and externally passed through the reactor with relatively high flow velocities
of about 40m/s resulting in an efficient heat removal rate and forced convection in the
cooling channel only.
According to table 5.2, the maximum conductive heat flux in the Gundremmingen A
BWR amounts to 115.8W/cm2 meaning a difference to the simulated conductive heat
flux values of 3.6% (118.9W/cm2) at BOC and 10.7% (129.4W/cm2) at EOC. On
the other hand, the average conductive heat flux in the Gundremmingen A BWR of
39.2W/cm2 is higher than the obtained average value of the heterogeneous ThPu fuel
of about 25.1W/cm2 leading to a decrease of the mechanical stress on the material
structures in the latter case.
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Burnup Behavior of the ThPu Fuel
As mentioned above, the amount of plutonium and long-lived minor actinides in spent
nuclear fuels play an important role for long-term storage purposes. The long-lived
MA are mostly produced via neutron capture reactions of the heavy plutonium isotopes
and subsequent radioactive decays. The production of this high-level radioactive waste
depends, therefore, on the fraction of plutonium isotopes and is expected to be mainly
observed in the upper part of the heterogeneous ThPu fuel assembly. However, the
fraction of fission to absorption cross section of these isotopes is favorable for high-energy
neutrons as shown in figure 2.4 in section 2.1.2. These fission neutrons dominate in the
upper part of the BWR causing a limitation of the production of MA.
The figures 6.34 and 6.35 depict the calculated values for the buildup rate of the MA
and the depletion rate of the major actinides, respectively, normalized to the total bur-
nup during an operating cycle for the homogeneous and the heterogeneous plutonium
enrichment.
Fig. 6.34: Calculated buildup rates of uranium and minor actinides in the homogeneous
and the heterogeneous ThPu fuel
In the homogeneous as well as in the heterogeneous case, the buildup during the oper-
ating time of protactinium (from thorium) and neptunium (from uranium) amounts to
1.54 g/(MWd/kgHM) and 0.08 g/(MWd/kgHM), respectively. This large difference in the
buildup rate is expected because the fraction of uranium in the initial fuel composition
is negligible. In addition, the high amount of protactinium is partly the result of the
long half-life of protactinium-233 (see figure 6.25) leading to the delayed formation of
uranium-233 and a reactivity surge after shutdown as discussed above. Americium and
curium show a significant buildup rate of 13.98 g/(MWd/kgHM) and 2.0 g/(MWd/kgHM),
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Fig. 6.35: Calculated depletion rates of thorium and plutonium in the homogeneous and
the heterogeneous ThPu fuel
respectively, being a direct result of the high content of plutonium in the fuel. Lastly,
it can be concluded that the buildup rates for all MA and protactinium are slightly
decreased by less than 1% for neptunium, and americium and about 3% for curium in
the heterogeneous than in the homogeneous case.
As depicted in figure 6.35, the depletion rate of the fertile thorium-232 amounts to
45 g/(MWd/kgHM) consisting of 1.54 g/(MWd/kgHM) by the protactinium buildup and
42.7 g/(MWd/kgHM) by the fissile uranium buildup resulting in an increase of the fissile
inventory ratio. The remaining quantity of about 0.76 g/(MWd/kgHM) is explained with
a low fission reaction rate of uranium-233. However, the main fraction of the energy
production in the fuel assembly in the first operating cycle originates from the high
fission rate of plutonium leading to a depletion rate of more than 153 g/(MWd/kgHM).
The depletion rate of thorium and uranium remains almost constant in the homogeneous
and the heterogeneous case.
The tables 6.7, 6.8, 6.9, and 6.10 encompass the calculated isotopic buildup and deple-
tion rates normalized to the total burnup in terms of the difference between the EOC
concentration and the BOC concentration for the most important isotopes (long half-
lifes) with respect to the axial zone (AZ) for the homogeneous and the heterogeneous
cases. At the end of every column the percentage difference is given according to:
(
value(heterogeneous)
value(homogeneous)
− 1
)
· 100%.
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Isotopic Buildup Rate [g/(MWd/kgHM)total]
Isotope 231Pa 233U 235U
T1/2 [a] 3.28E+04 1.59E+05 7.04E+08
HOM HET HOM HET HOM HET
AZ 8 1.32E-01 4.58E-01 1.09E+01 3.39E+01 6.53E-02 1.90E-01
AZ 7 2.62E-01 6.55E-01 2.21E+01 5.08E+01 9.40E-02 1.97E-01
AZ 6 3.86E-01 5.92E-01 3.27E+01 5.06E+01 1.17E-01 1.54E-01
AZ 5 5.13E-01 5.33E-01 4.25E+01 4.47E+01 1.45E-01 1.23E-01
AZ 4 6.49E-01 5.01E-01 5.35E+01 4.29E+01 1.79E-01 1.19E-01
AZ 3 7.70E-01 4.90E-01 6.30E+01 4.13E+01 2.14E-01 1.22E-01
AZ 2 7.91E-01 4.75E-01 6.24E+01 3.75E+01 2.03E-01 1.08E-01
AZ 1 4.75E-01 2.51E-01 3.73E+01 2.08E+01 1.28E-01 7.82E-02
Sum 3.98E+00 3.95E+00 3.24E+02 3.22E+02 1.14E+00 1.09E+00
Diff [%] -0.62 -0.53 -4.70
Tab. 6.7: Calculated isotopic buildup rates of the homogeneous (HOM) and the hetero-
geneous (HET) ThPu normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
Isotopic Buildup Rate [g/(MWd/kgHM)total]
Isotope 237Np 242Pu 244Pu
T1/2 [a] 2.14E+06 3.75E+05 8.00E+07
HOM HET HOM HET HOM HET
AZ 8 7.37E-02 1.22E-01 3.62E-01 1.71E+00 2.01E-05 2.33E-04
AZ 7 7.41E-02 8.88E-02 7.05E-01 2.58E+00 8.70E-05 5.02E-04
AZ 6 7.43E-02 6.71E-02 1.19E+00 3.19E+00 1.94E-04 4.58E-04
AZ 5 7.45E-02 5.99E-02 1.92E+00 3.36E+00 3.23E-04 3.34E-04
AZ 4 7.43E-02 5.99E-02 2.98E+00 3.25E+00 5.15E-04 3.03E-04
AZ 3 7.37E-02 6.33E-02 5.11E+00 3.39E+00 7.43E-04 2.91E-04
AZ 2 7.32E-02 6.33E-02 5.83E+00 3.25E+00 7.64E-04 2.40E-04
AZ 1 7.37E-02 6.67E-02 3.48E+00 1.75E+00 2.53E-04 7.61E-05
Sum 5.92E-01 5.92E-01 2.16E+01 2.25E+01 2.90E-03 2.44E-03
Diff [%] 0.00 4.17 -15.84
Tab. 6.8: Calculated isotopic buildup rates of the homogeneous (HOM) and the hetero-
geneous (HET) ThPu normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
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Isotopic Buildup Rate [g/(MWd/kgHM)total]
Isotope 243Am 247Cm
T1/2 [a] 7.37E+03 1.56E+07
HOM HET HOM HET
AZ 8 1.63E+00 6.58E+00 4.61E-11 1.39E-08
AZ 7 3.36E+00 8.58E+00 1.64E-09 1.26E-07
AZ 6 5.11E+00 7.50E+00 1.38E-08 1.43E-07
AZ 5 6.48E+00 6.10E+00 5.36E-08 7.16E-08
AZ 4 8.15E+00 5.90E+00 1.74E-07 6.01E-08
AZ 3 9.63E+00 5.87E+00 4.41E-07 5.36E-08
AZ 2 9.92E+00 5.38E+00 4.59E-07 3.01E-08
AZ 1 5.76E+00 3.12E+00 3.12E-08 1.55E-09
Sum 5.00E+01 4.90E+01 1.18E-06 5.00E-07
Diff [%] -2.04 -57.50
Tab. 6.9: Calculated isotopic buildup rates of the homogeneous (HOM) and the hetero-
geneous (HET) ThPu normalized to the total burnup in the eight axial zones
(AZ); AZ 1 = bottom and AZ 8 = top
Isotopic Depletion Rate [g/(MWd/kgHM)total]
Isotope 232Th 239Pu
HOM HET HOM HET
AZ 8 -8.50E+00 -3.80E+01 -3.68E+01 -1.46E+02
AZ 7 -2.40E+01 -5.80E+01 -7.32E+01 -1.97E+02
AZ 6 -3.77E+01 -5.76E+01 -1.12E+02 -1.92E+02
AZ 5 -4.34E+01 -5.06E+01 -1.50E+02 -1.71E+02
AZ 4 -6.67E+01 -4.84E+01 -1.97E+02 -1.65E+02
AZ 3 -7.25E+01 -4.66E+01 -2.60E+02 -1.67E+02
AZ 2 -7.05E+01 -4.23E+01 -2.76E+02 -1.57E+02
AZ 1 -4.34E+01 -2.30E+01 -1.68E+02 -9.04E+01
Sum -3.67E+02 -3.65E+02 -1.27E+03 -1.29E+03
Diff [%] -0.49 0.69
Tab. 6.10: Calculated isotopic depletion rates of the homogeneous (HOM) and the het-
erogeneous (HET) ThPu normalized to the total burnup in the eight axial
zones (AZ); AZ 1 = bottom and AZ 8 = top
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In conclusion, the tables 6.7, 6.8, 6.9, and 6.10 demonstrate that the buildup and de-
pletion rates of all important isotopes are axially more constant in the heterogeneous
case than in the homogeneous case in a BWR operation. As a consequence, the fuel
utilization is axially more constant as well. However, the overall buildup and depletion
rates in the entire fuel assembly do not change significantly except for uranium-235,
plutonium-244, and curium-247 showing a lower buildup of 4.7%, 15.84%, and 57.5%,
respectively.
Power Distribution in ThPu Fuel Assembly
The high amount of plutonium and higher MA in the upper part of the assembly loaded
with the heterogeneous ThPu fuel leads to an increase of the neutron induced fission
and has, therefore, a direct influence on the burnup and power distribution respectively.
Figure 6.36 shows the calculated fission rates in the upper part of the fuel assembly
(between 289 cm and 330 cm) for chosen isotopes with significant long half-lifes as a
function of the burnup for the conventional homogeneous (left) and the heterogeneous
(right) plutonium enrichment, respectively.
Fig. 6.36: Calculated fission rates of actinides with long half-lifes in the upper part of
the homogeneous (left) and the heterogeneous (right) ThPu fuel versus the
burnup
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The burnup of the heterogeneous ThPu fuel is increased by a factor of approximately
4.15 which is a result of the increase of the fission rate. The increase of the fission rate
is expected because on the one hand the enrichment of plutonium is higher and on the
other hand the product of the microscopic cross section and the neutron flux of these
isotopes have an optimum value for the given neutron spectrum in the upper part of this
BWR fuel assembly. For instance, the fission rates at EOC in the heterogeneous ThPu
of uranium-233, plutonium-242, americium-243, neptunium-237, and plutonium-244 is
increased by at least a factor of 9 in comparison to the homogeneous case. By this way,
an optimized fuel utilization and a significant reduction of long-lived plutonium and MA
is achieved in the upper part.
Considering that both fuel assemblies are operated at the same power level, the burnup
in the lower part of the fuel assembly is consequently decreased for the heterogeneous
ThPu. This behavior can be seen in figure 6.37.
Fig. 6.37: Calculated burnup of the homogeneous and the heterogeneous ThPu fuel for
an operating cycle of 300 days (both) and 400 days (heterogeneous) versus the
assembly height
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As expected, a fuel assembly with the homogeneous enrichment shows a high peak in
the burnup profile in the lower part of the fuel assembly and strongly decreases with
increasing assembly height (black curve). The decrease goes from the maximum value
of 9.7MWd/kgHM to the minimum value of 1.2MWd/kgHM resulting in a decline ratio
of about 8.08. The axially-averaged burnup value amounts to 5.57MWd/kgHM (black
dashed line).
The change of the burnup profile of an assembly with the heterogeneous enrichment (red
curve) remains, in comparison to the homogeneous profile, mainly constant around the
average burnup value of about 5.57MWd/kgHM (red dashed line). The average value is
equal to the average value of the heterogeneous enrichment because the same amount of
power is produced in both cases. However, the decline ratio is only 2.33 in the hetero-
geneous case but in the top-down-direction in comparison to the bottom-up-direction of
the homogeneous ThPu.
From the operational perspective, the fuel assemblies have to be shued or unloaded
after reaching a certain burnup limit at any spatial point in the fuel assembly because
the intensity of the power density strongly descends beyond this burnup value. In the
case of shuing, the fuel assembly is moved to areas where the absolute neutron flux
is higher allowing a balance of the loss of fissile isotopes and keep the fission rate on a
high level. For conventional ThPu-based fuels in this type of BWR, the limiting value
is about 9.6MWd/kgHM. Because of the favorable decline ratio of the heterogeneous
ThPu, this limiting value is not achieved by an operating cycle of 300 days but after 400
days (blue curve in figure 6.37). This means the operating cycle is extended by 100 days
or 33% respectively, and the spatial-average burnup of the fuel assembly is increased by
7.43MWd/kgHM (blue dashed line). This extension has again a positive influence on the
overall fuel utilization rate resulting in a higher operational performance and economic
efficiency.
Activity Inventory of Spent Heterogeneous ThPu Fuel
Referring to the data in [B+79], the fuel assemblies are deployed in a four-batch operation
cycle. Corresponding to a total operation and shutdown time of about 1100 days and
150 days, respectively. After unloading from the BWR core, the activity of the actinides,
the daughters and the fission products normalized to the final burnup is calculated as a
function of the time and are depicted in the figures 6.38, 6.39, and 6.40.
With regard to the calculated period, the total activity level is mainly determined by
the activity of the actinides especially plutonium, protactinium, curium, and americium
as depicted in figure 6.38. The activity fraction of the fission products, mainly prome-
thium and cesium (see figure 6.39), is little at the very beginning of the storage time
only. As can be shown, the total activity (actinides, daughters, and fission products)
of the conventional uranium oxide fuel during the first year of the decay time is mainly
determined by the fission products tellurium, ruthenium, rhodium, and cerium and the
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following 10 years by promethium and cesium. After this period, most of the fission
products are decayed and the activity is dominated by the actinides plutonium, curium,
and americium.
Fig. 6.38: Calculated activity evolution of the actinides and the daughters of the hetero-
geneous ThPu fuel normalized to the burnup after unloading from the BWR
Fig. 6.39: Calculated activity evolution of the fission products of the heterogeneous ThPu
fuel normalized to the burnup after unloading from the BWR
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Fig. 6.40: Calculated cumulative activity evolution of the actinides and the fission prod-
ucts of the heterogeneous ThPu fuel normalized to the burnup after unloading
from the BWR
The activity of the spent heterogeneous ThPu fuel assembly reaches the activity level of
original uranium ore after about 2.8·104 years. The activity evolution of the conventional
uranium-based fuels is discussed below in section 6.3.
6.2.2 Heterogeneous ThPu Fuel Analysis at Core Level
Based on the conventional Gundremmingen A BWR calculational model described in
chapter 5.3.1, uranium-based fuel assemblies from all four batches are replaced with
assemblies loaded with the heterogeneous ThPu fuel. The replacement of uranium-based
fuel assemblies in the second, third, and fourth batch is contrary to the replacement
of only fresh fuel assemblies in the case of the heterogeneous MOX in section 6.1.2.
However, because 89% of the isotopic composition in the heterogeneous ThPu fuel is
the fertile thorium-232, these fuel assemblies have a considerable lower initial reactivity
in the thermal neutron spectrum of the BWR than the fresh heterogeneous MOX fuel
assemblies. The number of replacements was determined in an iterative way. The
initially chosen ThPu-FA loading was 24% which, according to table 6.1, is the case
for standard core loading management in German BWRs. For this configuration, the
reactivity of the core was calculated resulting in a subcritical reactor state, even in
the case of non-inserted control rods. In the following, the number of replacements
was successively decreased leading to a total amount of the replacements of 17 (18%).
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The particular core loading pattern (figure 6.41) is chosen based on the fuel assembly
shuing data taken from [B+79] and the Haling principle described in section 5.6.2 and
in [Dem00].
Fig. 6.41: Loading pattern of the BWR core model including 18% fuel assemblies loaded
with the heterogeneous ThPu based on the shuing data taken from [B+79]
and the Haling principle
The power density distribution between 83 cm and 124 cm and between 289 cm and
330 cm are shown in figure 6.42 and 6.43, respectively. The position of the absorber
blades is determined by adjusting the initial effective neutron multiplication factor of
this arrangement to 1.08 (see section 5.1) resulting to 64 cm insertion length. Thus, the
absorber blades cover the first axial zone and half of the second axial zone. The position
of the absorber blades is kept on the same level during the whole neutronic simulations.
A comparison between the power density distributions at BOC (left) and at EOC (right)
in the figures 6.42 and 6.43 shows that maximum values of the power density changes
with respect to the operating time of about -34.45% and +20.46% in the third and eighth
axial zone, respectively, which is larger than for uranium-based fuels or the heterogeneous
MOX fuel discussed in section 6.1.2. The reason is that the initial reactivity of the
heterogeneous ThPu fuel in the mainly thermal neutron spectrum is lower than the
reactivity of the uranium-based fuel assemblies. The main fraction of the total power
is, therefore, generated in the uranium-based fuels and the power distribution is more
inhomogeneous showing quantitatively strong peaks at the position of the fresh UO2
assemblies. With ongoing operation, fissile uranium-233 is bred and the distribution
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Fig. 6.42: Calculated power density distribution in the third axial zone at BOC (left)
and EOC (right) of the BWR core model including 18% fuel assemblies loaded
with the heterogeneous ThPu
Fig. 6.43: Calculated power density distribution in the eighth axial zone at BOC (left)
and EOC (right) of the BWR core model including 18% fuel assemblies loaded
with the heterogeneous ThPu
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stabilizes resulting in a more homogeneous power distribution in the radial as well as
in the axial direction. As a consequence, the maximum power density in the third and
eighth axial zone at EOC equalizes amounting to about 92W/cm3.
The results of the power density calculations given in figure 6.42 and 6.43 demonstrate
that the time-averaged individual maximum values of about 110W/cm3 and 83W/cm3
in the third and in the eight axial zone, respectively, are generated mainly by the fresh
UO2 fuels. The values are higher in the third axial zone (83 cm - 124 cm, figure 6.42) than
in the eighth axial zone (289 cm - 330 cm, figure 6.43). The licensed operational limit of
119W/cm3 is met and the overall operational behavior is comparable to a conventional
BWR.
In conclusion, the contribution of the fuel assemblies loaded with the heterogeneous
ThPu to the overall BWR power generation is smaller compared to the fresh UO2 as-
semblies. These assemblies are therefore applicable as an alternative to the conventional
uranium-based fuels.
Heterogeneous ThPu Fuel: Reactor Physics and Reactivity Coefficients
The determination of the control blade insertion is done as described in section 5.1
and amounts to 64 cm in this model. Because of the increased breeding ratio especially
of the fissile uranium-233 from thorium-232 in comparison to the conventional BWR
operation, an excess reactivity in the BWR core is produced during the irradiation of
the fuel assemblies loaded with the heterogeneous ThPu fuel. Thus, the potential of an
extended operating cycle is additionally investigated and the operating cycle is calculated
up to 400 days instead of 300 days followed by a shutdown time of 65 days in both cases.
The calculated reactivity as a function of the operating time is shown in figure 6.44.
The initial amount of reactivity is 7.4% and, after the first two days, linearly decreases to
approximately -3.0% after 400 days. It has to be considered that, as a consequence of the
burnup simulations, the reactor is in these cases prompt critical at BOC and inoperative
at EOC. The reason for this behavior is the same as for the Gundremmingen A BWR
described in section 5.6.2.
Based on the MCNP models for the BOC (after xenon equilibrium), MOC, and EOC,
the nuclear safety parameters are calculated. For this purpose, the temperature of the
fuel and the coolant as well as the void fraction in the coolant is individually changed
and the reactivity of the associated cases is calculated. For the simulation, ±300K is
applied for the temperature change and ±5% for the void fraction. The slope of a line fit
through the three reactivity values (decreased, normal, and increased quantity) is used
to determine the final reactivity coefficient. The temperature reactivity coefficients of
the fuel and the moderator as well as the void coefficient of the moderator are depicted
in figure 6.45.
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Fig. 6.44: Calculated reactivity of the BWR core including 18% fuel assemblies loaded
with the heterogeneous ThPu versus the operating time
Fig. 6.45: Calculated temperature reactivity coefficients of the fuel and moderator as well
as the void reactivity coefficient at BOC (after xenon equilibrium), MOC, and
EOC
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Regarding the safety requirements, the reactivity coefficients must be negative at any
time in order to have an inherent safety feature by an intrinsic regulation mechanism
which supports the shutdown of the reactor in case of a transient and an accident respec-
tively. The safety coefficients of the core model including 18% fuel assemblies loaded
with the heterogeneous ThPu fulfill this requirement. In addition, the nuclear safety
parameters remain almost constant over the entire operating cycle. Furthermore, it can
be seen that the temperature coefficient of the fuel (about 2 pcm/K) is lower by a fac-
tor of approximately 21 than that of the temperature coefficient of the coolant (about
42 pcm/K). The reactivity response of the core is therefore significantly more sensitive
to changes in the temperature of the coolant than to changes in the temperature of the
fuel.
Lastly, the shutdown margin at BOC (after xenon equilibrium), MOC, and EOC is
calculated. As a matter of safety requirements, the shutdown margin, depending on the
operational mode, has to be between 1% and 5%. This is achieved by the heterogeneous
MOX core as depicted in figure 6.46.
Fig. 6.46: Calculated shutdown margin of the BWR core model including 18% fuel as-
semblies loaded with the heterogeneous ThPu at BOC (after xenon equilib-
rium), MOC, and EOC
Burnup Rate of Heterogeneous ThPu Fuel at Core Level
The buildup of actinides in the fuel assemblies plays a key role for the investigations
of the storage of spent nuclear fuel. Especially for long-term storage facilities including
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the repositories, particular criteria have to be satisfied including amongst others the
declaration of the absolute masses intended for storage and the activity inventory in the
storage drum. In order to compare the results with the Gundremmingen A BWR, an
operating cycle of 300 days and a shutdown time of 65 days were assumed leading to
the following results.
Figure 6.47 depicts the buildup (left) and depletion (right) per cycle for the actinides
obtained with the entire core model.
Fig. 6.47: Calculated buildup (left) and depletion (right) rates of the actinides with the
BWR core model including 18% fuel assemblies loaded with the heterogeneous
ThPu
Plutonium is generated in the fuel pins (416 g/(MWd/kgHM)) because of the consider-
able high neutron capture cross section of uranium-238 as shown in appendix E and
subsequent radioactive decays. Furthermore, a buildup rate of 104 g/(MWd/kgHM) nep-
tunium and 217 g/(MWd/kgHM) americium as the next higher neighbors of uranium and
plutonium, respectively, is observed. The buildup rate of curium (47 g/(MWd/kgHM))
is lower than the buildup of americium by a factor of about 4.6. Due to initial frac-
tion of thorium-232 in the core inventory, the buildup rate of protactinium amounts to
20 g/(MWd/kgHM). In parallel, regarding the consumption of the nuclear fuel, about
600 g/(MWd/kgHM) thorium and 12.3 kg/(MWd/kgHM) uranium is depleted during the
operating cycle.
In contrast to the fuel assembly study, the control blades are inserted from the bottom
into the core model including the heterogeneous ThPu fuel assemblies and cover the first
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and half of the second axial zone. Hence, the reactor physical conditions are additionally
influenced in terms of the radial and axial inhomogeneity of the neutron spectra. The
isotopic buildup and depletion rates are also influenced by these spectral effects and are
shown in figure 6.48.
The buildup and depletion rates of uranium-233, uranium-235, plutonium-239, and
plutonium-242 in the first and second axial zones differ from the residual zones and
is lower by more than one order of magnitude. The reason is that the coolant is entirely
in the liquid phase and the fission neutrons are efficiently thermalized. However, these
thermal neutrons are captured by the boron powder in the absorber blades and, hence,
the number of nuclear reactions in the nuclear fuels is strongly attenuated. For instance,
0.39 kg plutonium-239 is buildup in the first axial zone but about 45.36 kg is depleted in
the upper seven zones.
The utilization of the fuel assemblies loaded with the heterogeneous ThPu fuel results in
an axially more uniform buildup and depletion profile due to the increase of the fission
rates in the upper axial zones. As a consequence, the usually expected large increase of
the reaction rates and activity in the lower part of the fuel assemblies is partly balanced.
This has a significant positive impact on the activity and decay heat distribution in the
unloaded fuel assemblies intended for disposal.
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Fig. 6.48: Calculated isotopic buildup (top) and depletion (bottom) rates in the BWR
core model including 18% fuel assemblies loaded with the heterogeneous ThPu
normalized to the total burnup versus the active core height (axial zone)
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6.3 Comparison of Different Fuel Concepts
The most important thermal hydraulics and neutronics simulation results of the inno-
vative fuel concepts as well as of the conventional uranium dioxide fuel are compared
with each other at assembly and at core level in this section. In the assembly cases,
2.4MW of thermal power is produced over an operating time of 300 days. At core level,
the operational data are taken from table 5.1 in section 5.2.
At first, the calculated radially and time-averaged moderator density in the cooling
channel is shown in figure 6.49.
Fig. 6.49: Calculated radially and time-averaged moderator densities versus the assembly
height in the UO2, heterogeneous MOX, and heterogeneous ThPu fuels
The onset of nucleate boiling starts in the case of UO2, heterogeneous MOX, and het-
erogeneous ThPu at 80 cm, 100 cm, and 60 cm, respectively. Because of the two axially
heating volumes in the lower and in the upper part of the UO2 assembly, the coolant is
strongly heated up resulting in a two-phase flow and a significant decrease of the coolant
density from 0.77 g/cm3 in the bottom liquid phase to 0.41 g/cm3 in the top maximum
two-phase zone. The decrease of the coolant density from the bottom liquid phase to
the top maximum two-phase zone in the heterogeneous MOX fuel goes from 0.77 g/cm3
to 0.46 g/cm3 and in the heterogeneous ThPu fuel from 0.77 g/cm3 to 0.49 g/cm3.
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As shown in table 6.11, the average temperature in the heterogeneous MOX and in the
heterogeneous ThPu fuel is lower by about 200K and 300K, respectively, in comparison
to the UO2. The reason is that the coolant is heated up steadily over a broader axial area
in the assemblies loaded with the heterogeneous fuel. In particular, the heterogeneous
MOX fuel shows an almost uniform distribution of the time-averaged energy and heat
production profile over the entire active assembly height with comparably small max-
imum values. The thermal conductivity of the heterogeneous ThPu fuel composition
is about 6.5W/(m·K) which is higher than the thermal conductivity of the other fuel
compositions (see figure F.7 in appendix F.3).
Table 6.11 compiles the time- and spatially-averaged values of the coolant densities and
steam fractions in the cooling channel as well as the temperatures in the fuel pins for all
three fuel types.
Fuel Type
Average Average Steam Average Fuel
Density Fraction Temperature
[g/cm3] [%] [K]
UO2 0.584 25.68 999.63
Het. MOX 0.646 16.64 782.38
Het. ThPu 0.673 13.14 705.75
Tab. 6.11: Calculated time and spatially-averaged thermal hydraulic quantities of the
UO2, the heterogeneous MOX, and the heterogeneous ThPu fuels
Regarding the axial power production and fuel utilization generated by the different fuel
concepts in the BWR core, the burnup behavior is of particular interest. The burnup
profiles as a function of the axial height and the fuel type in the BWR assembly at EOC
with a constantly generated thermal power of 2.4MW are shown in figure 6.50.
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Fig. 6.50: Calculated burnup versus the assembly height after an operating time of 300
days for the UO2, heterogeneous MOX, and heterogeneous ThPu fuels
The burnup profile of the conventional UO2 fuel shows a symmetrical shape with a peak
in the center and decreases to the lower and upper end of the assembly due to neutron
losses, the control rods in the bottom part of the assembly, and the spectral effects in
the upper part. The burnup profiles of both innovative fuels show a peak as well which
is directionally shifted to the bottom and top end resulting in an axially steady fuel
utilization and activity distribution. The buildup and depletion rates of the actinides in
these assemblies are depicted in figure 6.51 and 6.52, respectively.
The buildup and depletion rates of the individual actinides significantly differ depending
on the initial composition of the fuel. In the case of uranium, 56.59 g/(MWd/kgHM) is
produced in the heterogeneous ThPu fuel assembly, whereas the uranium-based fuel as
well as the heterogeneous MOX show an effective depletion rate of 231.9 g/(MWd/kgHM)
and 87.76 g/(MWd/kgHM), respectively. The buildup and depletion rates of plutonium
show a similar behavior: in the UO2 case, 71.52 g/(MWd/kgHM) plutonium is buildup.
By comparison, in the heterogeneous fuel types, 81.16 g/(MWd/kgHM) (MOX) and 170.3
g/(MWd/kgHM) (ThPu) are depleted during the irradiation cycle. In the heterogeneous
ThPu fuel composition, 50.15 g/(MWd/kgHM) thorium is depleted first to protactinium
(1.70 g/(MWd/kgHM)) and finally to uranium. Because the other fuel compositions
initially contain no thorium, the in-pile produced quantities of thorium and protactinium
are negligible.
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Fig. 6.51: Calculated buildup rates in the UO2, heterogeneous MOX, and heterogeneous
ThPu fuels
Fig. 6.52: Calculated depletion rates in the UO2, heterogeneous MOX, and heteroge-
neous ThPu fuels
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The residual minor actinides (neptunium, americium, and curium) are solely buildup
during the irradiation of the individual fuel assemblies. In the case of neptunium,
1.01 g/(MWd/kgHM) is produced in the uranium-based fuel and 0.61 g/(MWd/kgHM)
and 0.08 g/(MWd/kgHM) are formed in the heterogeneous MOX and the heterogeneous
ThPu fuels, respectively. Finally, in the case of americium and curium, small quanti-
ties of 0.07 g/(MWd/kgHM) and 0.003 g/(MWd/kgHM), respectively, are formed in the
uranium-based fuel. On the other hand, the buildup rates of americium in the hetero-
geneous MOX and in the heterogeneous ThPu fuels amounts to 12.32 g/(MWd/kgHM)
and 15.41 g/(MWd/kgHM), respectively. The buildup rates of curium in the heteroge-
neous MOX and in the heterogeneous ThPu fuels amounts to 0.35 g/(MWd/kgHM) and
2.15 g/(MWd/kgHM), respectively.
The long term total activity of the spent fuels is mainly determined by the plutonium
and MA, although only small quantities of MA are produced during the irradiation of the
fuel assemblies. The calculated total activity normalized to the individual final burnup
is depicted in figure 6.53 as a function of the time after unloading from the BWR core.
Fig. 6.53: Calculated total activity evolution normalized to the individual final burnup
after unloading from the BWR core for UO2, heterogeneous MOX, and het-
erogeneous ThPu fuels
The total activity of the UO2 fuel decreases approximately exponentially. The total
activity of the heterogeneous MOX and the heterogeneous ThPu fuels remain almost
constant during the first ten years and from that moment on decrease almost exponen-
tially as well, whereas the spent heterogeneous ThPu fuel shows an offset of about a
factor of two to the total activity of the heterogeneous MOX.
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The relatively high initial total activity per burnup unit of the UO2 fuel originates from
the fission products which decay after four years to the activity level of the actinides
and reach after about 25 years the original ore level. Converted to a standard burnup
level of a commercial BWR, the latter decay time corresponds to approximately 650
years before reaching the original ore level. After this time, the total activity of the
fission products plays an inferior role as it is the case for the heterogeneous MOX and
the heterogeneous ThPu fuel from the very beginning on.
Besides the above mentioned features of the investigated fuels, the potential increase of
the operation period is investigated. This extension is determined by a slower decrease
of the effective neutron multiplication factor and reactivity of the reactor core. The
change of the neutron multiplication factor with respect to the irradiation time and as
a function of the three different core loadings is depicted in figure 6.54.
Fig. 6.54: Calculated evolution of the neutron multiplication factor (keff) of the Gun-
dremmingen A BWR and the cores loaded with 11% heterogeneous MOX and
with 18% heterogeneous ThPu fuels
The initial keff-value is adjusted by the control rod position in the calculational mod-
els and is equal for all core loadings. This multiplication value is obtained from the
benchmark calculations as discussed in section 5.1. However, the keff value of the Gun-
dremmingen A BWR decreases faster than the keff values in the cases of the other
assembly loadings. The operational data of the Gundremmingen A BWR provide that
the reactor has to be shutdown after a fuel cycle of about 300 days for unloading of the
spent assemblies and reloading the core with fresh fuel assemblies and shuing/rotating
122
Chapter 6 Investigations of Innovative Fuel Concepts
the residual ones. In the case of reloading, the amount of fissile isotopes (fissile inventory
ratio) is increased to a level on which a steady state operation of the BWR is achieved
and in the case of the shuing/rotating, the fuel assemblies reach higher burnup values
during the following batch and the macroscopic deformation of the fuel assemblies due
to thermal gradients in the material structures is balanced.
The keff-value after 300 days of operation of the Gundremmingen A BWR amounts to
0.98. This final value is achieved by the BWR cores partly loaded with MOX and ThPu
after 366 days which means an extension of the operation period of 66 days and 22%
respectively.
Finally, the reactor physical safety parameters are calculated and are compiled in table
6.12.
Safety Temperature Temperature Void Shutdown
Coefficient Fuel Coolant Coolant Margin
[pcm/K] [pcm/K] [103 pcm] [%]
Gundremmingen A
BOC (Xe eq.) -1.85 -21.57 -16.33 11.13
MOC -2.05 -42.65 -29.54 10.34
EOC -2.14 -49.04 -33.78 10.15
11% Heterogeneous MOX
BOC (Xe eq.) -2.05 -51.17 -32.73 3.18
MOC -2.17 -47.53 -31.85 4.64
EOC -2.30 -48.69 -33.16 4.68
18% Heterogeneous ThPu
BOC (Xe eq.) -1.98 -32.60 -18.03 8.74
MOC -2.15 -42.24 -29.05 8.37
EOC -2.31 -51.53 -35.14 7.41
Tab. 6.12: Calculated reactor physical safety parameters of the Gundremmingen A BWR
and the cores loaded with 11% heterogeneous MOX and with 18% heteroge-
neous ThPu fuels
The reactor physical safety coefficients are all negative which is a necessary requirement
for the licensing of a BWR. The coefficients of the Gundremmingen A BWR and the
core including assemblies loaded with the heterogeneous ThPu fuel (18%) show a time-
dependent behavior and decrease with ongoing operating time and burnup respectively.
The coefficients of the core including assemblies loaded with the heterogeneous MOX
fuel (11%) remain almost constant over the operating period except of the temperature
coefficient of the fuel.
The shutdown margin of the Gundremmingen A BWR and the core including assemblies
loaded with the heterogeneous ThPu fuel amounts to approximately 10% at BOC, MOC,
and EOC and is, therefore, ten times above the minimum shutdown level of 1% which is
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necessarily required for an operating license. The shutdown margin of the core including
assemblies loaded with the heterogeneous MOX fuel lies within the limiting boundaries
of 1% to 5%.
In conclusion, the Gundremmingen A BWR and the core including assemblies loaded
with the heterogeneous ThPu fuel show a similar behavior in terms of reactor physical
safety characteristics because in both cases the main fraction of power is produced in
the UO2 fuel assemblies. Furthermore, the influence of the assemblies loaded with the
heterogeneous ThPu on the reactivity level of the core is smaller than of the assemblies
loaded with the heterogeneous MOX fuel where a high fraction of fissile isotopes is
initially present. However, in both cases the reactivity decrease is slowed down resulting
in a significant extension of the operating time: on the one hand, the optimum use of the
reactivity potential in the heterogeneous MOX fuel and, on the other hand, the effective
breeding of fissile isotopes during the irradiation in the heterogeneous ThPu fuel.
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Summary and Conclusions
A simulation model for comprehensive studies of the operational behavior of basically all
nuclear reactor types encompassing the thermal hydraulics, neutronics, and fuel burnup
has been developed in the scope of this thesis. Furthermore, the simulation model is
capable for reactor physics calculations and core designs in a high level of geometrical
complexity which has been demonstrated and verified on the basis of the Gundremmin-
gen A BWR. Especially in the case of a BWR, the detailed modeling of the thermal
hydraulics conditions and the two-phase flow of the moderator respectively is essential
because of the direct influence on the neutron spectrum and fuel burnup in the core.
The simulation model consists of two linkage algorithms which sequentially couple on the
one hand the thermal hydraulics and neutronics simulations and on the other hand the
neutronics and fuel burnup calculations. For the former coupling, the tool VESTA-2.0.3
is used and for the latter coupling, a new input/output algorithm is developed. VESTA is
an automated input/output coupling tool for MCNP5 and ORIGEN2, and the developed
routine allows the coupling of ANSYS and MCNP5. These codes employ the most
powerful and general numerical solution approaches and are widely accepted in the
nuclear community as well as by the licensing authorities.
The first application of the simulation model is the reproduction of operational data and
experimental results. These are taken from post irradiation experiments and analysis
of spent nuclear fuels unloaded from the Gundremmingen A BWR. By this way, the
simulation model and the individual calculational models are verified and benchmarked.
It is shown that the simulation model provides reliable results which are mostly in good
agreement with the associated data: the average thermal hydraulics conditions such as
the fuel temperature, the moderator density, and the void fraction are in accordance
with the operational specifications and the allowed metallurgical requirements, and the
average deviation to the measured isotopic concentrations is below 19% which is accept-
able for BWR simulations under the consideration of experimental uncertainties [HD98].
It is recommended that the benchmark process is improved and extended in future work
taking into account further experimental data and increase the number of material/fuel
zone definitions in the calculational models. With this approach, besides the predictions
of average values of the thermal hydraulic conditions, values in the zones adjacent to
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the hot channels and in fuel assemblies located in the center as well as at the edges of
the core can be obtained.
The main part of the presented results focuses on the optimization of the operational
behavior of a BWR which is achieved by the utilization of innovative fuel concepts
based on the reprocessing of plutonium taken from spent nuclear fuels. The plutonium is
blended in a fertile thorium matrix (heterogeneous ThPu) as well as uranium fuel matrix
(heterogeneous MOX). The innovative aspect is the axially heterogeneous enrichment
with the plutonium in order to make use of the axially inhomogeneous neutron spectrum
resulting in an optimized fuel utilization and reactor operation respectively. It turns out
that the optimum axial heterogeneous enrichment levels are basically achieved by putting
the plutonium from the lower part of the fuel assembly to the upper part in both cases.
The different enrichment levels should be further investigated in future work in order to
obtained more optimized configurations for the individual BWR designs.
The heterogeneous fuel concepts are firstly investigated at the fuel assembly level and
secondly at core level. The thermal hydraulics conditions show an optimum behavior:
the maximum temperature in the fuel pins is about 250K lower in comparison to UO2
and a decrease of the mechanical stress acting on the material structures is achieved.
Concerning the fuel burnup, the heterogeneous fuel concepts show, in comparison to
the conventional homogeneous fuels, more efficient depletion for most of the long-lived
actinides, for instance, an increased depletion rate of curium-247 of about 55% and
plutonium-244 of about 19%. Due to the favorable fission fraction of absorption cross
section of these isotopes, the burnup and power distribution is changed resulting in an
axially more uniform fuel utilization.
The next step is the simulation at core level operated with fuel assemblies loaded with
the heterogeneous MOX and ThPu fuels. The calculational models are produced on the
basis of the Gundremmingen A BWR model by the replacement of the uranium-based
fuel assemblies with the heterogeneous fuels. The loadings are determined in accordance
with the different levels of reactivity of the fuel assemblies loaded with the heteroge-
neous MOX and ThPu. The assemblies loaded with the heterogeneous MOX fuel have
the highest reactivity in the core and, in order to remain within the licensed limits of
the safety margins, 11% of the fresh UO2 fuel assemblies are to be replaced. The as-
semblies loaded with the heterogeneous ThPu fuel have approximately the same initial
reactivity as the uranium-based fuel assemblies in the third or fourth cycle. However,
the reactivity increases with ongoing operation due to the breeding of fissile uranium-
233 from the fertile thorium-232. The influence of the heterogeneous ThPu fuel on the
reactor physical conditions is, therefore, comparable with the conventional fuels. As a
result, 18% of the UO2 fuel assemblies from all four batches are replaced. The individual
core loading patterns are chosen based on the Haling principle and the shuing data in
[B+79]. However, further configurations and variations of the core loadings with the fuel
assemblies loaded with the heterogeneous MOX and ThPu should be investigated and
special arrangements such as low-leakage configurations should be considered in future
work.
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For both core loadings, equal or even more favorable reactor physical safety coefficients
are calculated which remain within the licensed safety margins of today's BWRs. Fur-
thermore, the simulations show that the operating cycle of the BWR can be increased
by a factor of 1.22 due to the optimum use of the axial neutron spectrum conditions,
especially in the upper part of the active core. The utilization of the innovative fuels in
the following operation periods should be investigated. In this respect, shuing strate-
gies of the fuel assemblies are to be developed in order to operate an equilibrium core
configuration.
Finally, the buildup and depletion profiles in all fuel assemblies are axially more uni-
formly shaped due to the increase of the fission reaction rates in the upper axial zones.
This has a significant positive impact on the activity and decay heat distribution in
the unloaded fuel assemblies. In future work, the positive impact of this decay heat
distribution on the storage of the spent fuels should be outlined in the scope of a final
repository concept.
In conclusion, both investigated fuel concepts have the potential to optimize the opera-
tion of a BWR by the recycling of plutonium from spent nuclear fuels or civil plutonium.
In addition, economical benefits are achieved due to the extension of the cycle length
and the optimum fuel utilization as well as the decrease of the quantities of long-lived
isotopes to be disposed of in the final storage facilities or repositories.
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Probabilistic Method for Neutronics
Calculations
A brief summary of the key aspects of the probabilistic Monte Carlo (MC) method for
neutron transport calculations and the associated nuclear data libraries is given in this
section.
Analysis tools applying the MC method do not directly solve mathematical equations.
However, they can be used for approximate solutions for a wide range of mathematical
and physical problems. Because of the stochastic character of nuclear processes, the
approximate solutions are obtained by the analysis of individually simulated particle
tracks through a transport medium. The individual tracks or histories are simulated with
a random number generator and subsequent sampling from a probability distribution
function (PDF) which is derived from nuclear data. The random numbers have to be
independent and identically distributed (i.i.d.) and are therefore Poisson processes.
The Monte Carlo method is based on three fundamental laws:
The (weak) law of large numbers is the base assumption for obtaining MC results and
states that the empirical average of one specific result by the sampling from PDFs with
random numbers is typically close to the expected mean value in the case of a large
number of samplings [GS01]. In the limit of infinite sampling processes, the physical
values are calculated by the average behavior of specific sampling results representing a
certain probability or directly a macroscopic physical quantity.
The second fundamental law of the MC method is the central limit theorem (CLT) which
is used to define confidence intervals for the precision of a MC result [Tea08]. The CLT
theorem states that mean values of different samples with the same size, finite means,
and variances of a given PDF tends to be normally distributed if a sufficient number of
samples are taken into account, whereby the full width half maximum (FWHM) of the
distribution decreases with increasing size of the samples.
The third fundamental law of the MC method is the weight conservation law that is
comparable to the particle conservation law in physics. This law states that every
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performed i.i.d. experiment has the same significance for the final result, but every
single experiment can be split into several, whereby the significance has to be evenly
distributed. In this way, the number of experiments that contribute to the demanded
result can artificially be increased without changing the MC result (significantly) but
obtaining smaller uncertainties.
A.1 Monte Carlo Integration
The most common and simple example demonstrating the main aspects of the MC
method is the determination of the number pi meaning basically the solution of the
quarter circle integral in the first quadrant (Fig. A.1). For simplicity, the center and
the radius of the circle is set to (0, 0) and one (unit circle), respectively.
The general expression of this centered unit circle is
f(x) =
√
1− x2
with 0 ≤ x ≤ 1 and y ≥ 0. (A.1)
The solution of the integral from zero to one is
AQC =
1∫
0
f(x)dx =
1∫
0
√
1− x2 =
arcsin(1)∫
0
cos2(u)du =
pi
4
, (A.2)
thus,
pi = 4AQC = 4
1∫
0
√
1− x2. (A.3)
The integral can be solved approximately by getting two random numbers xr and yr
between [0; 1] and checking whether the point (xr, yr) lies below or on the circle line
(true)
x2r + y
2
r ≤ 1→ true (A.4)
or not (false)
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x2r + y
2
r > 1→ false (A.5)
This is called sampling and should be repeated many times in order to get a high
statistical accuracy of the result (weak law of large numbers). Because the area of the
unit box is unity, the ratio of the number of true and the sum of the numbers of true
and false is in the limit the area below the quarter circle or the approximate solution
of the integral AQC (Eq. A.2). Hence,
pi = 4AQC = 4 lim
N→∞
N (true)
N (true) +N (false)
, (A.6)
where N (true) and N (false) are the numbers of the experimental result true and
false, respectively. In this example, pi is the expectation value. For instance, as shown
in figure A.1 left, the number of true is 16 and the number of false is 4, therefore,
the approximate solution is
pi ≈ 4 · 16
16 + 4
= 3.2 (A.7)
which is close to the number pi. The value of pi obtained with a larger number of samples
(Fig. A.1 right) leads to 3.17.
Fig. A.1: Distribution of random numbers and a unit circle in the first quadrant for
calculating the number pi with the MC method
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A.2 Application to Nuclear Simulations
The Monte Carlo integration of the quarter circle equation (Eq. A.6) has only one
known solution which can be obtained by sampling with random numbers only. For
nuclear simulations, the underlying neutron transport equation depends on a variety of
different input parameters such as energy, temperature, isotopic composition, geometry,
and density of the different materials. The result of the transport equation is the neutron
flux distribution, but, due to the large amount of neutrons in the system (∼ 1014/cm2/s)
and the different occurrence of interactions (see section 3.1.1), these values cannot be
sampled directly from the transport equation. As a consequence, the MC method for
nuclear applications samples from reaction probabilities or reaction probability functions
describing the microscopic neutron interactions with or the physical behavior of the
neutrons within the defined material cells, respectively. These probabilities are based
on energy-dependent cross section tables as described in section A.3. In this way, single
neutron tracks are simulated and a statistical analysis of the particular histories leads
to the steady state neutron flux distribution φ(E).
Using the neutron flux distribution φ(E), macroscopic physical quantities such as heating
rates, microscopic and macroscopic cross sections, and dose rates are calculated via the
expectation value defined as
〈x(E)〉 =
∞∫
0
x(E)φ(E)dE
∞∫
0
φ(E)dE
. (A.8)
Figure A.2 shows a sampled neutron track with the respective reactions: the incident
neutron comes from the void region and enters the fissionable material. Depending
on the density and temperature of this material on the one hand and the energy of the
incident neutron on the other hand, the MC code generates a one-dimensional probability
distribution function p(τ), where τ is the track length. A possible PDF for this reaction
is shown in figure A.3 left. In order to obtain the track length from this PDF, usually
the accept/reject method is used. For this method, a pair of random numbers xr
and yr between [0; 1] is generated and multiplied by τmax and pmax, respectively. If
yr > p(xr), xr is rejected otherwise xr = τ is accepted and determines the track length
of the neutron. In this way, the positions of the first and the following interactions with
the transport medium are sampled.
At the positions 1, 2, 3, 5, and 7 (Fig. A.2), the MC code checks the energy-dependent
cross section data and generates a reaction probability distribution (Fig. A.3 right).
According to this distribution, a random number determines what type of reaction be-
tween the neutron and the particular isotope in the material occurs. In this example,
the random number is approximately 0.38 and the corresponding reaction is (n, γ).
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Fig. A.2: Sampled neutron track through a fissionable material with the Monte Carlo
method [Tea08]
Fig. A.3: Generated probability distribution function (left) and reaction probability dis-
tribution (right) based on nuclear data libraries
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The first interaction of the incident neutron in the material is a (n, n′γ)-reaction. The
history of the scattered neutron ends in a fission reaction (position 2). Via this fission
reaction two additional neutrons are generated and tracked separately. At the positions
3 and 7, one of the generated neutrons and the formerly produced photon, respectively,
are absorbed and their histories are terminated. Other terminations are the leakage
from the zones of interest (position 4 and 6) or falling below a predefined weighting
factor (e.g. due to too low energy). The latter reason is not considered in this example.
However, these weighting factors are a measure of the significance of the neutron or
photon history to the final result and are therefore of considerable importance for the
Monte Carlo method (see below).
In this example, two neutron source terms occur: first, the incident neutron from the
void region and, second, the fission neutrons generated at position 2. The incident
neutron comes from a predefined source term. The source term is characterized by the
geometrical expansion (e.g. point, surface, volume), position, the direction of motion
and the energy(-distribution) of the generated particles. In the case that no direction of
motion is defined, the particles are isotropically emitted in 4pi. If a volume or surface
source is defined, the MC code randomly samples starting points within the coordinate
limits of the volume or surface.
The source parameters can be biased in order to decrease the statistical uncertainties
of the results in a certain region of interest. This can be achieved by changing the
significance of single neutron tracks and/or multiplying the number of neutrons that
contribute to a final result with a specific factor. If the number of neutrons is multi-
plied, the weight of the initial neutron has to be evenly distributed to the multiplied
neutrons. In this way, the MC code ensures that the weight conservation law is kept (3.
fundamental law of the MC method). Neutrons that do not contribute to a final result
are consequently neglected and neutrons that have a direct influence on the demanded
result are multiplied. Especially in the case of too few neutrons in the region of interest,
due to e.g. an isotropic source or strong attenuation (absorption), this method produces
more accurate results within an acceptable amount of computer time. Source biasing
and neutron multiplication are two of many possibilities to optimize the statistical un-
certainties. In the literature these methods are called variance reduction techniques
(VRT) [HB85]. In the scope of BWR core simulations, the number of neutrons in the
core region is large and the uncertainties of the results are generally low such that VRT
are not required.
The frequent repetition of tracking microscopic neutron histories by means of the sim-
ulation of the interaction between the source neutron and the material zones until the
particle is terminated, gives finally a statistical distribution of the values of interest.
This distribution determines the macroscopic behavior of the neutrons and, in the limit
of an infinite number of calculated neutron tracks N , should be equal to the probability
distribution function:
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F (ν) =
ν∫
0
p(τ)dτ, (A.9)
in which ν is the quantity of interest. Hence, the error of the probabilistic Monte Carlo
method scales only with this number:
error ∼ 1√
N
. (A.10)
After a predefined number of neutron tracks have been scored, the MC code produces
an output which contains amongst others:
 track length, which is inverse proportional to the particle flux, as a function of
spatial position and energy
 reaction cross sections in one or more energy groups
 penetrating dose or flux density
 many other
Because the neutron histories are tracked successively, the MC method can easily be
implemented on multi-processor computer systems. Every compute-processor carries
out the simulation of a certain number of neutrons and the head-processor gathers the
results of every single compute-processor and summarizes them at rendezvous points.
However, the communication between the head- and the compute-processors requires
time. Thus, the computer time does not scale linearly with the number of processors.
On the contrary, a too high number of processors leads in turn to an increase of the
computer time for a given problem calculation as discussed in [Roh08].
The feature of the MC method is that the error of the final result depends solely on the
calculated number of particles which effectively reach the particular cell(s) of interest.
Thus, for systems with a high level of geometrical complexity and absolute number of
neutrons, Monte Carlo techniques are superior to deterministic or numerical methods
such as deterministic or finite element (FEM), respectively. The scaling of the uncer-
tainties with the number of simulated tracks which contribute to the desired result is at
the same time a drawback because the code potentially has to sample a large amount of
neutron histories to ensure that enough particles get to every cell of interest. However,
variance reduction techniques have the potential to overcome this.
The MC method was initially developed and implemented in machine language programs
by Enrico Fermi, Nicholas C. Metropolis, Robert D. Richtmyer, John von Neumann, and
Stanislaw Ulam in the 1930s and 1940s. Originally, MC methods were applied to simulate
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the physical behavior of the newly-discovered baryon, today called neutron. Later, the
MC algorithm was extensively used in the framework of the Manhattan Project and
became even more popular in the entire scientific community because (amongst others)
of the simple application on first electronic computers. [Nor06]
A.3 Nuclear Data Libraries
The primary sources for nuclear data being used by Monte Carlo codes such as MCNP
(appendix D) are evaluations from the Evaluated Nuclear Data File (ENDF) system,
Advanced Computational Technology Initiative (ACTI), the Evaluated Nuclear Data Li-
brary (ENDL), compilations from LLNL (Lawrence Livermore National Laboratories),
and evaluations from the Nuclear Physics (T-16) Group at Los Alamos. Furthermore, nu-
clear data are provided such as the Japanese Evaluated Nuclear Data Library (JENDL),
the Joint Evaluated Fission and Fusion File (JEFF), or the Russian File of Evaluated
Neutron Data (RUSFOND). In general, any other nuclear data can be employed by
Monte Carlo codes after converting them into the code-required format. Tools for this
conversion are amongst others NJOY [MK12] or MAKXSF [Bro06] that have a lot of
additional features such as the calculation of the Doppler broadening effect on the res-
onance lines in the cross sections.
The designation of every nuclear data set emphasizes the scope of application and the way
they were produced. For example, evaluated indicates that the cross section values were
on the one hand measured and on the other hand predicted with sophisticated nuclear
model calculations. The final data set is a combination of both, whereas the nuclear
models are used as interpolation functions. Fission and Fusion target on detailed
data for key isotopes for these particular applications. This means, important isotopes
for nuclear simulations are resolved in a very fine energy grid while those that are of
negligible importance show a coarse grid. For example, depending on the number of
resolved resonances and on the particular isotope, the energy grid of a particular cross
section is subdivided into 44,000 points or 250 points.
Besides the cross section values, libraries for photoatomic, photonuclear, dosimetry,
multigroup, and thermal neutron treatment are part of the nuclear data sets. Latter
plays an important role for light water reactor simulations.
As described in section 2.1.1, microscopic cross section values are orders of magnitude
higher in the thermal than in the fast energy range. Therefore, LWRs operate with
thermal neutrons in order to enforce a sufficient amount of fission reactions. In the
thermal energy range (around 25meV ), additional effects occur when a neutron and a
water molecule interact. Those physical effects are not considered in the cross section
evaluations and have be treated alternatively in the Monte Carlo code. The most impor-
tant effect is that the deBroglie wavelength of thermal neutrons is in the same order of
magnitude than the amplitude of the molecular oscillation of the light water molecules.
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This leads to resonance amplification, up-scattering, and, as a consequence, an increase
of the cross section.
An additional effect which is not considered by the microscopic cross section data is
the molecular treatment of the specified materials. The material definitions in MCNP
allow a composition of single isotopes (free-gas treatment). For molecular compounds,
S(α, β) data are available taking the deBroglie wavelength/amplitude effect into account.
Free-gas treatment is then used down to the energy where S(α, β) data are available and
below this threshold this treatment is overwritten such that no mixing can occur. In
general, effects that are covered with S(α, β) data are most significant below 2 eV . For
nuclear simulations with light water as a reaction partner (target), S(α, β) tables are
necessarily required in order to obtain physically correct results. [Tea08]
For the simulation presented in this thesis, only the ENDF Version B-VII.0 library was
used because it contains all the necessary nuclear data for particle transport and burnup
calculations with a sufficient energy grid resolution (resolved resonances). The ENDF/B-
VII.0 has been released on December 15, 2006 after intensive evaluation and testing of
preliminary versions which were carried out in various laboratories. List of targets in
ENDF/B-VII.0 library includes 393 targets or materials (381 isotopes, 9 isomers and 3
elements) for neutron reactions. Isomers are cobalt-58m, silver-110m, cadmium-115m,
tellurium-127m, tellurium-129m, promethium-148m, holmium-166m, americium-242m,
americium-244m and the natural compositions of the elements carbon, vanadium, and
zirconium. In addition, 48 targets for proton reactions, 10 targets together for deu-
terium, tritium and helium-3, 20 for thermal neutron scattering, 163 for photonuclear
reactions and others are available. Further information about the ENDF/B-VII.0 can
be found in [Cha+06].
It should be mentioned that all nuclear data sets show uncertainties. These uncertainties
propagate during the Monte Carlo simulation and the burnup calculation as discussed
in [Gar+08]. Therefore, in case of inappropriate uncertainties in the results compared
to real measured values, it could be challenging to figure out what the reason is. In
general, uncertainties in the nuclear data or the burnup calculations are negligible in
comparison to the Monte Carlo error.
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Analytical and Numerical Methods
for Fuel Burnup Calculations
A recap of the numerical approaches used for the solution of the fuel burnup equation
and employed by the burnup code ORIGEN is given in this chapter. In addition, dif-
ferent applications of the burnup code for time-dependent fuel depletion calculations and
the particular convergence performance are described. ORIGEN uses two different ap-
proaches for solving the particle balance equation: the matrix exponential method for
long-lived isotopes and the asymptotic solutions for short-lived isotopes. This distinction
is necessary due to computational problems of the matrix exponential method when solv-
ing systems of equations with widely separated eigenvalues (half-life of different isotopes).
This chapter is mainly based on [Cro02] and [Cro83]
B.1 Matrix Exponential Method
The buildup, depletion, and decay of a material exposed to neutron field is governed by
the particle balance or Bateman equation (Eq. 3.9). This equation can be written in a
compact vector form:
dX(t)
dt
= A(t)X(t), (B.1)
with the time-dependent transition matrix A(t) containing the rate coefficients for ra-
dioactive decay and neutron capture, and the time-dependent atom densities X(t). The
general known solution of this equation is
X(t) = X0e
A(t)t (B.2)
where X(t = 0) = X0 is a vector of the initial atom densities. As a first approximation,
it is assumed that the variation of the neutron flux and the rate coefficients including
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one-group cross section values is slow during the burnup calculation. As a consequence,
the transition matrix A(t) can be considered as constant in the case of a short time step.
Thus, because A is a matrix with constant entries, for a given time step the exponential
function can be represented by a Taylor series:
eA(t)t =
∞∑
k=0
Aktk
k!
. (B.3)
In general, carrying out this sum will give the exact solution of equation B.2, but the
transition matrix has the dimension of N2, where N is the number of the considered
isotopes and amounts to N = 1, 700 in the latest ORIGEN version 2.2 causing difficulties
in the computation.
The reason for these difficulties are the large amount of memory required to store the
1,700x1,700-dimensional transition matrix and the matrix exponential function as well
as the above mentioned problems when solving systems of equations with widely sep-
arated eigenvalues (half-life of different isotopes). To overcome the memory problems,
a recursion relation is employed in order to carry out the calculations isotope-wise and
not for the entire composition. In this way, the storage of only one vector describing the
conditions for a particular isotope and the current value of the solution are necessary.
Thus, the atom density of isotope i is
xi(t) =
∞∑
n=0
cni , (B.4)
where the coefficients cni are generated by the following recursion relation:
c0i = xi(t = 0) = xo, (B.5)
cn+1i =
t
n+ 1
N∑
j=1
aijc
n
j . (B.6)
In the last equation, aij is an element in the transition matrix that is first-order rate
constant for the formation of species i from species j.
The second problem is the numerical stability of the matrix exponential method for this
type of equation, because the norm of the transition matrix becomes very large for large
numbers of nuclides with small half-lives (high decay constants). These decay constants
are the diagonal elements in the transition matrix. Therefore, the matrix exponential
method is stable and provides correct results for long-lived isotopes only. The threshold
138
Appendix B Analytical and Numerical Methods for Fuel Burnup Calculations
between short and long-lived isotopes is usually determined by a hard-coded value in
the source code.
However, for the most nuclear simulation purposes including fuel burnup, the short-lived
isotopes are of particular interest. Thus, their concentrations are calculated with a
second approach using the asymptotic solution of the nuclide chain as discussed in the
next section B.2.
The numerical stability and hence the accuracy of the solution calculated with the
matrix exponential function for long-lived isotopes depends not only on the norm of the
transition matrix but on the norm of the exponent of the exponential function A(t)t.
Therefore, by controlling the time step, any desired value of accuracy in terms of the
norm of the matrix A(t)t can be achieved, whereas it applies that the smaller the norm
is the better the accuracy gets. Referring to [LL67], the norm of the transition matrix
[A] is the smaller of either the maximum-row absolute sum or the maximum-column
absolute sum:
[A] = min
{
max
j
∑
i
|aij|,max
i
∑
j
|aij|
}
, (B.7)
where |aij| is the absolute value of the element aij. In the ORIGEN2 code, the norm
of the transition matrix is restricted to be less than [A] ≤ 2 ln(1000) = 13.8155, so that
the maximum term that will be calculated will approximately be 49,000, thus, a value
as small as exp(−13.8155) = 10−6 can be computed.
Additionally, [LL67] showed that the maximum term in the summation for any element
in equation B.3 is limited as follows:
max
m
(
Amtm
m!
)
≤ n
n
n!
, (B.8)
where n is the largest integer being used by the computer but not larger than [A]t.
The last important quantity of the numerical stability is the convergence of the Taylor
series of the exact solution of the Bateman equation 3.9. A rough estimation of the
number of terms that have to be added in order to ensure a convergence with relative
error less than 0.1% is
7
2
[A] + 5 ≈︸︷︷︸
[A]=13.8155
53. (B.9)
Recent versions of ORIGEN make use of an additional simplification for calculating the
decay chain of a special isotope with widely separated decay constants: a decay chain
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of three isotopes (A, B, C) is assumed: A → B → C. In the case of a short-lived
B, ORIGEN reformulates the matrix as if C were formed from A directly: A → C.
Depending on the time step, the concentration of B could be of interest and is calculated
alternatively. Another case is if A is short-lived, then the decay chain simplifies to
B∗ → C, in which B∗ is the sum of A and B.
B.2 Asymptotic Solution of the Nuclide Chain
For the determination of the short-lived isotope concentrations, linear combinations of
the homogeneous and particular solutions of the nuclide chain equations are used by
ORIGEN. A distinction has to be made between short-lived isotopes that are initially
present and those that are buildup from long-lived isotopes during the irradiation due
to decay or induced nuclear reactions such as fission or capture.
For those nuclides that are initially present, the concentration after a time step is ob-
tained by a generalized form of the Bateman equation which treats an arbitrary forward-
branching chain. This means that ORIGEN searches through the transition matrix,
forms a queue of all short-lived precursors of an isotope, and applies the Bateman equa-
tion solution to this queue. In the case that for an isotope no short-lived precursor is
encountered, the queue is terminated. Additionally, this algorithm allows the treatment
of two isotopes with identical decay constants and the calculation of cyclic chains, in
which a nuclide is considered to be its own parent.
Recent versions of ORIGEN obtain the solution of the generalized form of the Bateman
equation for the i− th member in a chain at time t by
Ni = Ni(0)e
−dit +
i−1∑
k=1
Nk(0)
i−1∏
n=k
an+1,n
dn
 i−1∑
j=k
dj
e−djt − e−dit
(di − dj)
i−1∏
n=k
n6=j
dn
dn − dj
, (B.10)
where Nj(0) is the amount of isotope j initially present and the members of the chain
are numbered consecutively for simplicity, aij is an element in the transition matrix that
is first-order rate constant for the formation of species i from species j, and di = −ai,i
the diagonal matrix elements.
Equation B.10 can also treat two isotopes with identical decay constants as well as
cyclic chains. In the former case di equals dj and the second sum enclosed in the square
brackets has a finite limit:
140
Appendix B Analytical and Numerical Methods for Fuel Burnup Calculations
lim
di=dj
i−1∑
j=k
dj
e−djt − e−dit
(di − dj) =
i−1∑
j=k
dj
1− djt+ (djt)
2
2
− 1 + dit− (dit)
2
2
(di − dj)
=
i−1∑
j=k
dj
(di − dj) t−
(
d2i − d2j
)
t2
2
(di − dj)
=
i−1∑
j=k
djt
(
1− (di − dj) (di + dj)
(di − dj)
t
2
)
=︸︷︷︸
dj=di
i−1∑
j=k
djt (1− djt) =
i−1∑
j=k
djte
−djt.
(B.11)
In the latter case, when a nuclide is considered to be its own parent and therefore a
cyclic chain is encountered, dn equals dj and an analogous expression to equation B.11
is derived.
The matrix exponential method and the generalized Bateman solution complement each
other. The former method gives reliable results with high accuracy if the range of the
eigenvalues (decay constants, matrix diagonal elements) is small and, hence, the norm
of the transition matrix is small, too (less than ∼ 14). The latter method, the solution
of the generalized form of the Bateman equation, is valid for isotopes with high decay
constants while the matrix exponential method encounters numerical problems.
Besides these two approaches, a last case has to be considered separately that is a
short-lived daughter of a long-lived parent because it is not accurately solved with the
above mentioned methods. In this instance, the short-lived daughter is assumed to be in
secular equilibrium with its parent at the end of any time interval. The concentration of
those precursors (xi) is determined by setting the exact solution of the Bateman equation
B.1 to zero, hence:
dxi
dt
= 0 =
N∑
j=1
aijxj. (B.12)
This equation is solved by the standard iterative Gauss-Seidel technique [Bar+94]. In
this case (a short-lived daughter of a long-lived parent), the diagonal elements of the
matrix are all negative and the off-diagonal elements are all positive. The Gauss-Seidel
algorithm encompasses the inverse of equation B.12 and determines the concentration
at the end of the time step tk+1 in an iterative way beginning with the initially defined
or previously calculated concentrations at tk, thus:
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xk+1i = −
1
aii
N∑
j=1
j 6=i
aijx
k
j . (B.13)
Because the matrix is strictly diagonal dominant, irreducible, and cyclic chains are not
usually encountered, the Gauss-Seidel method converges very fast.
B.3 Time-Dependent Fuel Burnup Calculation
For reactor simulation purposes, different choices for the time step control can be applied
showing differences in terms of their particular convergence performance. The governing
equation for the temporal evolution of one isotope X(t) and therefore for fuel burnup
is the balance equation 3.9. The balance equation can be written in a compact vector
form (Eq. B.1) and has the exact solution shown in equation B.2.
The time dependency of the transition matrix cannot be analytically described with the
used computer codes MCNP and ORIGEN. Instead, discrete entries in the matrix for
every time step tn, n = 0, 1, ..., n, can be calculated and represent the temporal behavior
in nodal form. The time steps are further referred to tn and tn+1. The material vectors
and the transition matrix are accordingly Xi and Ai, with i = 0, 1, ..., n, respectively,
and are both known at the beginning-of-time-steps tn. Taking as starting values Xi(tn =
0) = X0, the general solution of equation B.2 with the standard predictor-only method
for time step tn to tn+1 will be
Xi(tn+1) = Xi(tn)e
Ai(tn)∆t = Xi(tn)
∞∑
k=0
Aki∆t
k
k!
. (B.14)
In this equation the elements of the transition matrix A, consisting of the one-group
fluxes and the one-group cross section data, remain constant within the interval tn to
tn+1. This assumption is not fulfilled with respect to the required level of accuracy for
complex reactor operation analysis.
The predictor-corrector method starts - after the predictor-only step - a second run and
uses these results for correction and adjustment as follows:
XPi (tn+1) = Xi(tn)e
Ai(tn)∆t = Xi(tn)
∞∑
k=0
Aki (tn)∆t
k
k!
, (B.15)
XCi (tn+1) = Xi(tn)e
APi (tn+1)∆t = Xi(tn)
∞∑
k=0
(
APi (tn+1)
)k
∆tk
k!
, (B.16)
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and finally
Xi(tn+1) =
XPi (tn+1) +X
C
i (tn+1)
2
, (B.17)
in which XPi and X
C
i are the individual material concentrations at time step tn+1 for the
predictor and the corrector calculations, respectively, and APi the transition matrix at
time step tn+1 obtained after the predictor step. The final result is then the arithmetic
mean of both simulation results (Eq. B.17).
The predictor-middlestep method performs two combined calculations for every time
step. The first step is
XHi
(
tn+1 − tn
2
)
= XHi
(
∆t
2
)
= Xi(tn)e
Ai(tn)∆t/2 = Xi(tn)
∞∑
k=0
Aki (tn)(∆t/2)
k
k!
, (B.18)
and the second step for the final result is
Xi (tn+1) = Xi(tn)e
AHi (∆t/2)∆t = Xi(tn)
∞∑
k=0
(
AHi
(
∆t
2
))k
∆tk
k!
, (B.19)
where XHi and A
H
i are the individual material concentrations and transition matrix,
respectively, at the half of the time step. In summary, the final result for one time step
is obtained by taking the transition matrix at the half of the time step and uses it to
determine the entire time step. Therefore, taking the arithmetic mean is not necessary
in the case of the predictor-middlestep method.
B.3.1 Convergence Performance Analysis
For the predictor-corrector method, the first simulation is carried out and set into the
second solution. This leads to
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Xi(tn+1) ≈
{
I + APi (tn+1)∆t+
(
APi
)2
(tn+1)
∆t2
2
}
·
{
I + Ai(tn)∆t+ A
2
i (tn)
∆t2
2
}
Xi(tn)
=
{
I +
[
Ai(tn) + A
P
i (tn+1)
]
∆t
+
[
A2i (tn) + 2A
P
i (tn+1)Ai(tn) +
(
APi (tn+1)
)2] ∆t
2
}
Xi(tn),
(B.20)
where I is the identity matrix.
A comparison of the exact solution and the solution obtained by the predictor-corrector
method shows that the results are equal only at the level of the first order of ∆t, but
not in the second order term because APi and Ai in general do not commute:
2APi (tn)Ai(tn) 6= APi (tn)Ai(tn) + Ai(tn)APi (tn). (B.21)
For the predictor-middlestep method, an expansion of the equation B.1 is necessary in
order to account for the second calculation step, thus
dXi(t)
dt
= Ai(t)Xi(t) +Bi(t)Xi(t), (B.22)
in which Bi is a supplementary transition matrix. The last equation B.22 has the exact
solution for one time step tn to tn+1 as follows
Xi(tn+1) = Xi(tn)e
(Ai(tn)+Bi(tn))∆t = Xi(tn)
∞∑
k=0
(Ai(tn) +Bi(tn))
k∆tk
k!
= Xi(tn)
{
I + [Ai(tn) +Bi(tn)]∆t+ [Ai(tn) +Bi(tn)]
2 ∆t
2
2
+O (∆t3)} .
(B.23)
Because Bi represents the transition matrix used for the second computation step, the
expansion of the second order term yields
(Ai(tn) +Bi(tn))
2 = A2i (tn) + Ai(tn)Bi(tn) +Bi(tn)Ai(tn) +B
2
i (tn). (B.24)
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In order to account for the entire time step a final calculation for the second half of the
time step with the first transition matrix has to be carried out. Hence,
Xi(tn+1) ≈ Xi(tn)
{
I + Ai(tn)
∆t
2
+ A2i (tn)
∆t2
8
}
·
{
I + AHi
(
∆t
2
)
∆t+
(
AHi
(
∆t
2
))2
∆t2
2
}{
I + Ai(tn)
∆t
2
+ A2i (tn)
∆t2
8
}
= Xi(tn)
{
I +
[
Ai(tn) + A
H
i
(
∆t
2
)]
∆t
+
[
A2i (tn) + Ai(tn)A
H
i
(
∆t
2
)
+ AHi
(
∆t
2
)
Ai(tn) +
(
AHi
(
∆t
2
))2]
∆t2
2
}
.
(B.25)
A comparison between the predictor-middlestep and the exact solution shows that they
are equal up to the second order in ∆t. That means, the predictor-middlestep method is
at least second-order accurate and therefore preferable to the predictor-corrector method
for burnup calculations.
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Finite Element Method for Thermal
Hydraulic Anaylsis
The finite element method (FEM) is a very sophisticated and complex discretization
method for solving boundary value problems. A complete description of the FEM is
associated with many theorems and proofs exceeding the scope of this thesis. Neverthe-
less, the fundamental idea and the most important mathematical relations of the FEM
are discussed in this chapter which is mainly based on [DR08], [ANS09], [Bra01], and
[Kuz10].
C.1 Discretization Methods
Before the FEM is discussed, the more simple finite difference method (FDM) is intro-
duced in order to point out the general discretization ideas sharing with the FEM. For
this purpose, the FDM is applied to solve a partial differential equation with a Dirichlet
boundary condition such as the Poisson problem. The Poisson problem is an elliptical
boundary value problem and is defined as:
−∆u = f in Ω, (C.1)
u = g on ∂Ω, (C.2)
in which u is the solution of the equation, f is any function depending on the problem
definition, g is a fixed boundary value, and Ω is at this point any Cartesian space in
R2 with ∂Ω as its rim. The Poisson problem encompasses Newton diffusion, stationary
temperature profiles, or the electric field. The general and most straight-forward idea is
to substitute the differential operator
∆u =
∂2u
∂x2
+
∂2u
∂y2
, (C.3)
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with a particular difference quotient such as the right-sided difference
∂u
∂x
=
u(x+ h)− u(x)
h
+O(h). (C.4)
Using this difference quotient, the second derivative with respect to the spatial coordinate
x yields
∂2u
∂x2
=
u(x+ h)− 2u(x) + u(x− h)
h2
+O(h2). (C.5)
For simplicity, Ω =]0, 1[2⊆ R2 is chosen as well as a uniform and equidistant grid
(xi, yj) = (ih, jh) with i, j = 0, 1, . . . , n, n = 1/h, and h = xi+1 − xi = yi+1 − yi
[DR08]. Hence, with u = u(xi, yj) = uij,
∂2ui,j
∂x2
=
ui+1,j − 2ui,j + ui−1,j
h2
+O(h2), (C.6)
∂2ui,j
∂y2
=
ui,j+1 − 2ui,j + ui,j−1
h2
+O(h2), (C.7)
and finally
∆u =
∂2ui,j
∂x2
+
∂2ui,j
∂y2
≈ ui+1,j + ui,j+1 − 4ui,j + ui−1,j + ui,j−1
h2
. (C.8)
For the second derivative (Eq. C.6 and C.7) and the combined equation C.8, i, j =
1, 2, . . . , n− 1 has to hold. Equation C.8 leads to the following graphical representation
of the difference stencil [DR08]:
A0 =
0 1 01 −4 1
0 1 0
 . (C.9)
Thus, with f = f(xi, yj) = fi,j, Poisson's equation (Eq. C.1) can be written as
ui+1,j + ui,j+1 − 4ui,j + ui−1,jui,j−1 = −h2fi,j ; (xi, yj) ∈ Ω and (C.10)
ui,j = gi,j ; (xi, yj) ∈ ∂Ω. (C.11)
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This problem can be written in a matrix formulation if the ui,j are lexicographically
arranged. Thus, using
Uk := ui,j; Fk := fi,j; k = in+ j ∈ Ω (C.12)
and
Gk˜ := gi,j; k˜ = in+ j ∈ ∂Ω, (C.13)
where the k˜ = 0 for the interior nodes, the Poisson equation becomes
−AUk = h−2

A0 I 0 0 0 0
I A0 I 0 0 0
· · · · · · . . . · · · · · · · · ·
· · · · · · · · · . . . · · · · · ·
0 0 0 I A0 I
0 0 0 0 I A0


u1,1
. . .
. . .
. . .
. . .
un−1,n−1

=

f1,1 . . .
. . . −h−2g
. . . . . .
. . . . . .
. . . −h−2g
fn−1,n−1 . . .
 = [Fk Gk˜] , (C.14)
in which I is the identity matrix [Bra01].
The second column on the right-hand side of equation C.14 representing the boundary
condition Gk˜ has entries only at the boundary points and vanishes on the interior points.
The linear equations corresponding to this equation can in general be solved easily with
numerical methods. The reason is that the matrix on the left-hand side is sparse (has a
lot of zeros), diagonal dominant, and symmetric. On the other hand, it has about 104
to 109 lines causing challenges in obtaining a converged solution in some cases.
Finally, the accuracy of this method in terms of convergence speed and the difference
between the true and the approximate solution has to be evaluated. This can be done by
analyzing the consistency and the stability of the discretized system: the formal solution
of the Poisson equation C.14 is
Uk = (−∆k)−1 Fk. (C.15)
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Thus, the accuracy of the FDM depends on (−∆k)−1 when h is tending to zero. In this
example, the error k is defined as the difference between the true Solution Utrue and the
approximate solution Uk. The consistency and the stability is then obtained with
k = (−∆k)−1 (∆k) k = (−∆k)−1 (∆kUtrue − Uk) = (−∆k)−1 (∆kUtrue − Fk) . (C.16)
The consistency of the FDM is described by the latter expression of the right-hand side
(∆kUtrue − Fk) and is only determined by the termination condition of the difference
quotient of the second derivative (Eq. C.5); in this example O(h2). [DR08]
The stability is described by the condition of the former expression (−∆k)−1 scaling with
O(1) (and not O(h)). However, the stability of this matrix is ensured if the matrix is an
M matrix. This means, the matrix has to be an irreducible diagonal dominant L matrix
and remains therefore bounded if h tends to zero. The matrix in the Poisson problem
satisfies the M matrix condition. However, in some cases of the convection-diffusion
equation an additional constraint, more precisely a step size restriction of the grid, has
to be introduced. [DR08]
This example shows the advantages of the FDM for such kind of (simple) Poisson prob-
lems, but for general problems which are more complex the following drawbacks occur:
1. the differential equation becomes more complex if a non-uniform grid has to be
applied for not simple regions
2. the FDM cannot be applied by implication if f is discontinuous
3. the third derivative of the solution has to exist
The finite element method (FEM) has the capabilities to overcome these drawbacks
because it can apply almost any kind of grid for the discretization of the geometry and
the boundary conditions. Next, the FEM tries to minimize errors for entire grid elements
(line segments in 1D, triangles in 2D, and quadrilaterals in 3D) in contrast to the FDM
which tries to minimize errors only on single grid points (nodes). Therefore, the FEM
is able to solve equations in which f is discontinuous as well because this discontinuity
is averaged out. Last, the third derivative of the solution does not have to exist due to
the introduction of the weak formulation and the possible application of mathematical
tricks as described in the following section.
C.2 The Weak Formulation
The basic idea of the FEM relies on the weak variation form or virtual work form of the
given equation. The weak formulation has its origin in the principle of minimizing the
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Dirichlet function which is a general principle in physics and is obtained by multiplying
the equation with a test function that should vanish on a sufficient smooth rim. Next,
the equation is integrated over the R(n−1)-space. In this way, the equation does not have
to be defined over the entire solution space, instead, only weak solutions with respect
to these test functions have to exist. This leads to an elegant and physically reasonable
formulation of the problem and is associated with a less differentiability constraint on
the solutions (see bullet point 3 in section C.1). [Bra01]; [Kuz10]
In order to demonstrate this approach, the Poisson problem with vanishing boundary
conditions is used:
−∆u = f in Ω ⊆ R2, (C.17)
u = 0 on ∂Ω. (C.18)
Multiplying equation C.17 with a test function ν ∈ C1 (Ω¯) and integrating over the
infinitesimal line element dq yields
∫
Ω
f ν dq = −
∫
Ω
div (∇u) ν dq
IP
=
∫
Ω
∇u · ∇ν dq −
∫
Ω
div (ν∇u) dq
GI
=
∫
Ω
∇u · ∇ν dq −
∫
∂Ω
ν∇u · d~s
︸ ︷︷ ︸
=0
=
∫
Ω
∇u · ∇ν dq. (C.19)
In this equation, integration by parts (IP) and Green's identity (GI) were used to achieve
a symmetric equation [Kuz10]. Based on this equation, the weak formulation is: find a
solution u that vanishes on ∂Ω such that
∫
Ω
∇u · ∇ν dq
︸ ︷︷ ︸
=A(u,ν)
=
∫
Ω
fν dq
︸ ︷︷ ︸
=F (ν)
∀u, ν ∈ H10 (C.20)
is fulfilled, where H10 is a Sobolev space containing all C
1
(
Ω¯
)
-functions and further
restrictions discussed in [DR08]. It can be seen that the solution u and the test function
150
Appendix C Finite Element Method for Thermal Hydraulic Anaylsis
ν has to be integrable and differentiable once what can be seen as a weaker constraint
on the solution.
The next step is based on the Galerkin idea which is looking for an approximate solution
for u on a finite dimensional subspace of H10 . The basis functions of these subspaces,
further referred to Hh, h = 1, 2, . . . , N , are called finite elements and the solution on this
subspace is uh. It is assumed that the solutions of uh converge to the true solution in the
limit of h tending to zero (comparable with the FDM). The discrete weak formulation
for a given subspace Hh is then
∫
Ω
∇uh · ∇νh dq︸ ︷︷ ︸
=A(uh,νh)
=
∫
Ω
fνh dq︸ ︷︷ ︸
=F (νh)
. (C.21)
Assume the subspace is defined as
Hh = span {ψ1, ψ2, . . . , ψN} =
{
ψ =
N∑
i=1
aiψi; ai ∈ R
}
, (C.22)
where ψ are the basis functions or finite elements and ai any constants. Finally, the
approximate solution uh can be written using these basis functions
uh =
N∑
i=1
uiψi and (C.23)
νh = ψj, (C.24)
hence,
A
(
N∑
i=1
uiψi, ψj
)
=
N∑
i=1
uiA (ψi, ψj) = F (ψj) , ∀ j = 1, . . . , N. (C.25)
This equation forms a linear system of equations
N∑
i=1
Ai,jui = Fj (C.26)
which has to be solved. In order to solve the linear system of equations efficiently as
well as improve stability and consistency, the matrix Ai,j has to be a sparse M matrix
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with a unique solution. These conditions can be achieved by an appropriate choice of
the basis functions ψ. [DR08]
In order to fill the matrix Ai,j with the necessary entries, the integral
Ai,j = A (ψi, ψj) =
b∫
a
ψi(q)ψj(q)dq, (C.27)
has to be solved, where a and b are the boundaries of the subspace h. This step is called
assembling the matrix.
The convergence analysis of the FEM uses the quality of the ansatz space:
‖utrue − uh‖ ≤ c · min
νh∈Hh
‖utrue − νh‖ , (C.28)
where utrue is the true solution and c a constant which determines the desired accuracy.
The expression on the right-hand side of this equation is determined by the polynomial
interpolation error and specifies the quality of the space Hh. Typically, if piecewise
polynomials of degree n are chosen, an error of the order of O(h(n+1)) is obtained.
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Computer Program MCNP
The Monte Carlo N-Particle (MCNP) transport code is a general-purpose, continuous-
energy, generalized-geometry, time-dependent, Monte Carlo radiation transport code
designed to track many types of particles, e.g., neutrons, electron, and photons, and
coupled multi-physics particle problems [Tea08]. MCNP has been developing to one of
the standard codes for particle transport calculations since the 1990s. Some examples
of the broad field of applications are [Pel11]:
 design of accelerator spallation targets, particularly for neutron scattering facilities
 investigations for accelerator destruction programs, including the transmutation
of nuclear waste
 research into accelerator-driven energy sources
 design of shielding in accelerator facilities
 activation of structure components in nuclear facilities
 nuclear safeguards
 nuclear criticality safety, including keff eigenvalue calculation
 fusion neutronics, including particles fluxes, direct particle heating, He production
and material damage
MCNP was originally developed at the Los Alamos National Laboratory (LANL) and is
distributed by the Radiation Safety Information Computational Center (RSICC), Oak
Ridge, Tennessee. The latest releases of MCNP are MCNPX 2.70 and MCNP5 1.60.
The source codes are written in the Fortran 90 and the C programming languages and
are applicable on UNIX, MAC, and Windows platforms. Every MCNP version supports
multi-processor architectures: MCNPX uses the Message Passing Interface (MPI) only
and MCNP5 uses additionally the Multi-Processing (MP) and hybrid applications.
In order to execute MCNP the user has to create an input file that contains [Tea08]:
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1. geometry specification by means of surface and cell definitions
2. description of the transport medium and selection of cross-section evaluations
3. location and characteristics of the particle source
4. type of answers or tallies desired
5. variance reduction techniques used to improve efficiency
The geometry can be visualized with the MCNP plotter or with other tools such as
SABRINA [Rip06] or the MCNPX Visual Editor (MCNPVised) [Sch08].
For neutron transport calculations, a particle source distribution has to be defined in
order to simulate the interactions with the transport medium. Because a broad range
of source definitions are possible, only the fission neutron source for calculating the keff
eigenvalue of a nuclear fission system is discussed in the following.
For a fission neutron source, two cards have to be defined: KCODE and KSRC which
stand for criticality source and source point definitions, respectively. In the KSRC card
the user has to define coordinate points (x,y,z) at which neutrons are generated and are
sampled from a normalized Watt fission spectrum
f(E) ∼ e−E/a sinh
√
bE, (D.1)
where the constants are defined as a = 0.965MeV and b = 2.29 1/MeV . The histories of
these source neutrons are tracked throughout the geometry and every position at which a
subsequent fission reaction occurs is stored. The initially defined source points (KSRC)
are then replaced by the stored positions and used for the following calculations, whereby
neutrons are sampled from a fission spectrum equivalent to the user-defined fissionable
isotopes in the materials. The fission spectrum of a fissile isotope is associated with
specific constants that are included in MCNP with a default list and is either sampled
from a Maxwell or a Watt fission spectrum [Tea08].
The criticality calculation of the keff eigenvalue is performed via different cycles (or
samples). In the KCODE card the user defines the number of cycles and, additionally,
the number of particles which should be simulated during one cycle. In this way, the
user has a direct influence on the statistical reliability of the result in terms of the mean
value (number of cycles) and the relative error (number of particles during one cycle) of
the eigenvalue keff as the Weak Law of Large Numbers and the Central Limit Theorem,
respectively, state.
Next, the user has to define in advance, which quantity should be calculated and be
written into the MCNP output file. Thus, later post-processing is in general not possible
unless quantities can be derived from the obtained results. Basically, any quantity of
the form
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C =
∫
φ(E)f(E) dE (D.2)
can be estimated or tallied, where φ(E) is the energy-dependent flux, and f(E) is any
product or summation of the quantities in the cross-section libraries or a response func-
tion provided by the user [Tea08].
Tallies are normalized to be per starting particle except for a few special cases with
criticality sources. Possible information that could be tallied is amongst others particle
current, particle flux, reaction rate, and energy deposition that are always multiplied
by the fluence. Within the scope of burnup calculations it is necessary to estimate
cell-averaged one-group cross sections for different isotopes and reactions for ORIGEN
calculations. For this purpose, a common approach is that these cross sections are
obtained indirectly via track length estimates of cell reaction rates and flux tallies:
RRijk = Nj
∫
σjk(E)φi(E) dE, (D.3)
φi =
∫
φi(E) dE, (D.4)
where Nj is the density of isotope j, σ
j
k(E) is the microscopic cross section of isotope j
with type k, φi the region averaged one-group flux in cell i, and RRijk the reaction rates
of type k with nuclide j in cell i. The energy-dependent microscopic cross sections for
reaction rate calculations are stored in nuclear data sets that contain up to 700 reaction
types for up to 400 isotopes as discussed in appendix A.3. Each reaction type has a
representative abbreviation - a so-called MT number.
In order to get values for the one-group microscopic cross section σijk, the density of the
particular isotope must be unity in the material definition, hence,
σijk =︸︷︷︸
Nj=1
RRijk
φi
. (D.5)
Although the flux estimations of MCNP are normalized to be per starting source particle,
the cross section value σijk obtained by equation D.5 is ready to use because the flux
normalization constant cancels out.
The reasonable calculation of one-group cross sections must have a high priority for
burnup calculations and the quality of the MCNP reaction rate and flux tallies has to
be checked for inconsistencies by the user. In general, MCNP has different indicators
and algorithms to provide information about the quality of tally results.
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The relative error
R =
σ
µ
(D.6)
is an indicator for the statistical uncertainty in one-sigma level, where σ is the standard
deviation and µ the mean value of the tally result. According to [Tea08], the guidelines
for interpreting the quality of the confidence interval for various values are compiled in
table D.1.
Range of R Quality of the tally
0.5 to 1.0 not meaningful
0.2 to 0.5 factor of a few
0.1 to 0.2 questionable
<0.10 generally reliable
<0.05 generally reliable for point detectors
Tab. D.1: Guidelines for interpreting the quality of the confidence interval for various
values of R [Tea08]
Despite the number of particles that contribute to a tally, an important particle history
may not be sampled enough making the final result possibly meaningless. Therefore,
MCNP calculates a figure of merit (FOM) to inform the user about this behavior. The
FOM is defined as
FOM =
1
R2T
, (D.7)
where T is computer time in minutes. The FOM indicates the amount of time needed by
MCNP to reach a given relative error. Assuming that R2 scales with 1/N and T with N ,
the FOM should be a constant over the entire simulation process. In the case of outliers
in the FOM, problems occur during the MCNP calculation or during the calculation of
a certain value due to e.g., lacks in the cross section library files. As a consequence, the
confidence intervals may not be correct for those calculated particles. The more efficient
a MC calculation is the larger and more constant the FOM will be because less computer
time is required to reach a given value of R [Tea08].
To get an overview of the tally quality in terms of statistical stability and convergence,
MCNP performs ten statistical checks and writes a so-called tally fluctuation chart
(TFC) at the end of the output file. The TFC contains the analyzed tally results
regarding amongst others the FOM, the relative error, the variance of the variance
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(VOV), and the slope of the largest history scores fluctuate as a function of the number
of histories run.
The relative error, FOM, statistical checks, and TFC are deeply investigated and ongoing
verified tools concerning the statistical behavior of tallies offering the user to discuss and
understand the reliability and precision of the results in detail.
Besides the statistical considerations, Monte Carlo methods will only provide reliable
results if the random number generator works well and the underlying data libraries are
consistent, complete, and show a sufficient energy resolution especially in the energy
resonance range (resolved resonances). The random number generator used by MCNP5
is based on the linear congruential scheme of Lehmer. Details of this type of random
number generator can be found in [Bro07].
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Important Cross Sections
The cross sections shown in this chapter are all taken from the ENDF/B-VII.0 nuclear
data library [Cha+06].
Fig. E.1: Microscopic cross sections of thorium-232
158
Appendix E Important Cross Sections
Fig. E.2: Microscopic cross sections of uranium-233
Fig. E.3: Microscopic cross sections of uranium-234
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Fig. E.4: Microscopic cross sections of uranium-235
Fig. E.5: Microscopic cross sections of uranium-238
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Fig. E.6: Microscopic cross sections of neptunium-237
Fig. E.7: Microscopic cross sections of plutonium-239
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Fig. E.8: Microscopic cross sections of plutonium-240
Fig. E.9: Microscopic cross sections of plutonium-241
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Fig. E.10: Microscopic cross sections of plutonium-242
Fig. E.11: Microscopic cross sections of americicum-243
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Fig. E.12: Microscopic cross sections of curium-246
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Thermo Physical Properties
F.1 Light Water
Fig. F.1: Density of water in the liquid and in the steam phase as a function of the
temperature at 70 bar taken from [CD07]; [Int08]
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Fig. F.2: Specific heat capacity of water in the liquid and in the steam phase as a function
of the temperature at 70 bar taken from [CD07]; [Int08]
Fig. F.3: Thermal conductivity of water in the liquid and in the steam phase as a function
of the temperature at 70 bar taken from [CD07]; [Int08]
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Fig. F.4: Dynamic viscosity of water in the liquid and in the steam phase as a function
of the temperature at 70 bar taken from [CD07]; [Int08]
F.2 Zircaloy Cladding
Fig. F.5: Specific heat capacity and thermal conductivity of the zircaloy cladding as a
function of the temperature at 70 bar taken from [Int06]; [LSB78]; [Int08]
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F.3 Fuel compositions
Fig. F.6: Specific heat capacity of different fuel compositions as a function of the tem-
perature taken from [Pop+00]; [Bak+97]
Fig. F.7: Thermal conductivity of different fuel compositions as a function of the tem-
perature taken from [Pop+00]; [Bak+97]
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Isotopic Ratios and Composition of
Analyzed Samples
Tab. G.1: Results of the post-irradiation analysis of Gundremmingen A spent
fuels: isotopic ratios and composition of analyzed samples [B+79]
Sample identifier A-1 A-1 E-5
Sample position [cm] 44 268 268
Ispra Karlsruhe
Burnup [MWd/MTU]1 25.731 27.40 23.38 25.545
Cooling time to Pu analysis [d]2 1047 1053 947 1109
Reported result of the analysis
235U/238U 0.676 0.727 0.707 0.725
236U/238U 0.346 0.349 0.344 0.352
240Pu/239Pu 48.83 44.07 46.71 46.67
241Pu/239Pu 18.72 19.71 17.93 17.50
242Pu/239Pu 0.901 0.864 0.756 0.749
148Nd/238U3 0.0488 0.0522 n.a. 0.0492
137Cs/238U3 0.212 0.167 0.178 0.187
239Pu/238U 0.389 0.499 0.473 0.465
235U/Utotal 0.669 0.719 0.700 0.717
236U/Utotal 0.343 0.345 0.340 0.348
238U/Utotal 98.988 98.936 98.960 98.935
235U depletion 1.923 1.879 1.886 1.869
238U depletion 1.828 2.241 1.992 2.057
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Tab. G.2: Results of the post-irradiation analysis of Gundremmingen A spent
fuels: isotopic ratios and composition of analyzed samples (cont'd)
[B+79]
236Pu/Putotal 1.338E-05 1.860E-05 9.480E-05 n. a.
238Pu/Putotal 1.01 1.25 1.23 1.25
239Pu/Putotal 55.57 55.39 56.93 56.53
240Pu/Putotal 26.87 25.04 26.33 26.46
241Pu/Putotal 11.69 13.16 11.33 11.48
242Pu/Putotal 4.86 5.16 4.18 4.28
Total Pu/U 0.698 0.900 0.828 0.820
236U buildup 0.329 0.329 0.328 0.336
236Pu buildup 1.067E-07 1.561E-07 7.340E-08 n.a.
238Pu buildup 6.8E-03 1.08E-02 9.7E-03 9.9E-03
239Pu buildup 0.372 0.478 0.452 0.445
240Pu buildup 0.180 0.215 0.209 0.208
241Pu buildup 0.0782 0.1128 0.0898 0.0892
242Pu buildup 0.0325 0.0442 0.0331 0.0333
Putotal buildup 0.6695 0.8608 0.7936 0.7854
242Cm buildup 9.92E-06 14.32E-06 11.29E-06 10.26E-06
244Cm buildup 8.65E-06 19.28E-06 15.24E-06 14.14E-06
1 Average of 148Nd and 137Cs methods
2 Cooling times at dates of Pu mass spectrometer ratio analysis; assumed the same time
for other analysis unless stated otherwise
3 The reported results have been corrected for: 148Nd burn out by neutron capture,
148Nd buildup by 147Nd (n,γ) 148Nd reaction, 137Cs decay during irradiation
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Tab. G.3: Average differences between the results of the measurements
performed in Ispra and Karlsruhe laboratories on different pairs
of adjacent pellets as a quality assurance indicator [B+79]
Differences [%] Differences [%]
Isotopic ratios Buildup and depletion of U
235U/238U 1.8 235U 1.1
236U/238U 1.47 236U 1.45
240Pu/239Pu 0.3 238U 4.45
239Pu/238U 0.05 Buildup and depletion of Pu, Cm
Total Pu/U 0.5 238Pu 1.2
Isotopic composition 239Pu 0.2
235U 1.75 240Pu 1.15
236U 1.5 241Pu 0.7
238U 0.02 242Pu 0.2
238Pu 0.45 Total Pu 0.45
239Pu 0.45 242Cm 3.2
240Pu 0.55 244Cm 6.4
241Pu 1.3
242Pu 2.95
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Abstract
The economical operation of a boiling water reactor (BWR) is mainly achieved by the
axially uniform utilization of the nuclear fuel in the assemblies which is challenging be-
cause the neutron spectrum in the active reactor core varies with the axial position.
More precisely, the neutron spectrum becomes harder the higher the position is result-
ing in a decrease of the fuel utilization because the microscopic fission cross section is
smaller by several orders of magnitude. In this work, the use of two fuel concepts based
on a mixed oxide (MOX) fuel and an innovative thorium-plutonium (ThPu) fuel is inves-
tigated by a developed simulation model encompassing thermal hydraulics, neutronics,
and fuel burnup. The main feature of these fuel concepts is the axially varying enrich-
ment in plutonium which is, in this work, recycled from spent nuclear fuel and shows
a high fission fraction of the absorption cross section for fast incident neutron energies.
The potential of balancing the overall fuel utilization by an increase of the fission rate
in the upper part of the active height with a combination of the harder spectrum and
the higher fission fraction of the absorption cross section in the BWR core is studied.
Using the design and operational specifications of the Gundremmingen A BWR as well
as the results of a post-irradiation analysis of different fuel samples taken from unloaded
assemblies of this BWR core, the simulation model is verified and benchmarked. The
average deviations between the calculated values and the data taken from the design
and operational tables amounts to a few percent and 19% in the thermal hydraulics
quantities and in the isotopic concentrations, respectively. Deviations in this range are
generally accepted for BWR simulations due to the complex physical mechanisms of the
two-phase flow of the moderator in the cooling channels.
The three particular calculational models for thermal hydraulics, neutronics, and fuel
burnup provide results at fuel assembly and/or at core level. In the former case, the main
focus lies on the thermal hydraulics analysis, fuel burnup, and activity evolution after
unloading from the core and, in the latter case, special attention is paid to reactivity
safety coefficients (feedback effects) and the optimization of the operational behavior. At
both levels (assembly and core), the isotopic buildup and depletion rates as a function of
the active height are analyzed. In addition, a comparison between the use of conventional
fuel types with homogeneous enrichments and the use of the innovative fuel types is
made.
In the framework of the simulations, the ThPu and the MOX fuel produce the same
amount of energy as the conventional uranium-based fuel. The results of the studies
show that in the ThPu and in the MOX fuels partially significant smaller quantities of
most of the long-lived actinides are produced. The time-averaged power profile along the
active height in the assemblies loaded with the heterogeneous fuel is broader distributed
and the maximum temperature in both fuel types is approximately 250K lower than
the maximum temperature in the UO2 fuel. This yields to a decrease in the Doppler
broadening of the resonance lines in the absorption cross section as well as to smaller
temperature gradients in the material structures of the assembly. The fuel burnup is
correlated with the power profile, hence, an axially more constant fuel utilization in
comparison to uranium-based fuels with a homogeneous enrichment is observed. Re-
garding the initial activity of the spent fuels, it is shown that the contribution of the
fission products to the total activity is negligible in the case of ThPu and MOX which is
contrary to the UO2 fuel, where the total activity is dominated by the fission products at
the very beginning of the storage time. However, due to the high fraction of plutonium
in the innovative fuels, the total activity decreases slower than the total activity of the
UO2 fuel by a factor of two (MOX) and 2.5 (ThPu). On the other hand, this behavior
is typical for conventional mixed oxide fuels.
At core level, the uranium-based fuel assemblies are replaced with 11% and 18% of
the assemblies heterogeneously loaded with the MOX and the ThPu fuels, respectively.
An optimum loading pattern is achieved with a minimum peaking factor for both core
models. The assemblies loaded with the innovative fuels influence the residual UO2
fuel assemblies and the operational behavior of the entire core by (amongst others) an
extension of the operational cycle of about 22%. This extension is explained as follows:
for the utilization of
 MOX: an increase of the fission reaction rate of plutonium in the upper part of the
active height leading to an increase of the neutron flux and subsequent induced
fission reactions
 ThPu: an increase of the fissile inventory ratio with ongoing operation due to the
production of the fissile uranium-233 from the fertile thorium-232
Finally, for both core loadings, equal or even more favorable reactor physical safety pa-
rameters are achieved which remain within the licensed safety margins of todays BWRs.
Zusammenfassung
Der ökonomische Betrieb eines Siedewasserreaktors (SWR) wird hauptsächlich über die
axial gleichmäßige Brennstoffausnutzung in den Brennelementen (BE) erreicht. Diese
gleichmäßige Ausnutzung stellt eine große Herausforderung dar, weil sich das Neutronen-
spektrum mit der Höhe im aktiven Kern verändert. Genauer gesagt wird das Spektrum
härter je höher die Position ist, was zu einer Verringerung der Brennstoffausnutzung
führt, da der mikroskopische Wirkungsquerschnitt des Brennstoffs (BS) mit den hoch-
energetischen Neutronen über mehrere Größenordnungen geringer ist. In dieser Ar-
beit wird der Einsatz von zwei verschiedenen Brennstoffkonzepten untersucht, welche
auf Mischoxid (MOX) und auf einer Thorium-Plutonium (ThPu) Verbindung basieren.
Dazu ist ein Simulationsmodell entwickelt worden, mit dem sich die Thermohydraulik,
die Neutronik und der Brennstoffabbrand berechnen lassen. Die untersuchten Brennstof-
fkonzepte zeichnen sich durch eine axiale Anpassung der Plutoniumanreicherung aus,
welches in dieser Arbeit aus abgebrannten BE gewonnen wird und einen hohen Spal-
tanteil am Absorptionswirkungsquerschnitt für schnelle Neutronenenergien hat. Das
Potential den Brennstoffabbrand über die gesamte Höhe durch eine Erhöhung der Spal-
treaktionsraten im oberen Bereich zu homogenisieren, wird durch eine Kombination aus
dem härteren Spektrum und dem hohen Spaltanteil am Absorptionswirkungsquerschnitt
analysiert.
Am Beispiel der technischen und betrieblichen Daten des Gundremmingen A SWR sowie
den experimentellen Ergebnissen aus Nachbestrahlungsuntersuchungen von verschiede-
nen Brennstoffproben, die aus abgebrannten Brennelementen entnommen wurden, wird
das Simulationsmodell verifiziert und gebenchmarkt. Die mittlere Abweichung zwischen
den berechneten Werten und den Daten aus den technischen und betrieblichen Tabellen
betragen wenige Prozent für die thermohydraulischen Größen und 19% für die jeweiligen
Isotopenkonzentrationen. Abweichungen dieser Größenordnungen werden allgemein für
SWR Simulationen akzeptiert, da die thermohydraulischen Bedingungen, insbesondere
die Zwei-Phasen-Strömung des Kühlmittels, sehr komplex sind.
Die drei Berechnungsmodelle für Thermohydraulik, Neutronik und Brennstoffabbrand
liefern Ergebnisse auf BE- und/oder Kernebene. Im ersten Fall liegt der Fokus auf
der thermohydraulischen Untersuchung, dem Brennstoffabbrand und der zeitlichen Ak-
tivitätsentwicklung des abgebrannten BE. In zweiten Fall werden sicherheitsrelevante
Reaktivitätskoeffizienten (Rückkopplungseffekte) und eine Optimierung des SWR Be-
triebs untersucht. Für beide Fälle (BE und Kern) werden die Erzeugungs- sowie die
Vernichtungsraten der einzelnen relevanten Isotope analysiert. Außerdem wird ein Ver-
gleich zwischen dem Einsatz der BS mit einer homogenen Anreicherung und dem Einsatz
der neuen BS gemacht.
Im Rahmen der Simulationen produzieren der ThPu und der MOX BS dieselbe Energie
wie der konventionelle Uran-basierte BS. Die Ergebnisse der Studien zeigen, dass in den
ThPu und MOX BS teilweise signifikant geringere Mengen an langlebigen Aktiniden
erzeugt werden. Das zeitlich gemittelte Leistungsprofil über die aktive Höhe ist in den
BE, die mit dem heterogenen BS beladen sind, gleichmäßiger verteilt und die Maximal-
temperatur in beiden Brennstoffsorten liegt um 250K unter der Maximaltemperatur im
UO2 BS. Die niedrigere Temperatur führt zu einer geringeren Dopplerverbreiterung der
Resonanzlinien im Absorptionswirkungsquerschnitt sowie zu kleineren Temperaturgra-
dienten in den Materialstrukturen. Der Abbrand ist mit dem Leistungsprofil korreliert
und weist deshalb eine axial konstantere Brennstoffausnutzung im Vergleich zu dem kon-
ventionellem UO2 BS auf. Im Hinblick auf die Aktivitätsentwicklung der abgebrannten
BE wird gezeigt, dass die Spaltprodukte in dem MOX und dem ThPu BS nur einen
vernachlässigbaren Anteil zu der Gesamtaktivität beitragen, was im Gegensatz zu kon-
ventionellem UO2 BS steht, bei dem die Gesamtaktivität von den Spaltprodukten am
Anfang der Lagerungszeit dominiert wird. Nichtsdestotrotz nimmt die Gesamtaktivität
in den neuartigen Brennstoffkonzepten bei MOX um einen Faktor von zwei und bei ThPu
um einen Faktor 2,5 langsamer ab als bei UO2 BS, da diese einen hohen Plutoniumanteil
aufweisen. Auf der anderen Seite ist diese Entwicklung typisch für konventionellen MOX
BS.
Auf Kernebene werden die konventionellen Uran-basierten BE mit 11% heterogen be-
ladenen MOX und 18% heterogen beladenen ThPu BE ausgetauscht. Ein optimales
Beladungsschema mit einem minimalen Peaking-Faktor ist für beide Modelle erreicht
worden. Die mit den neuartigen Brennstoffkonzepten beladenen BE beeinflussen die
übrigen UO2 BE und das Betriebsverhalten des gesamten Kerns durch (unter anderem)
eine Verlängerung der Betriebsdauer von ungefähr 22%. Diese Verlängerung lässt sich
wie folgt erklären: für den Einsatz von
 MOX: Eine Erhöhung der Spaltrate von Plutonium im oberen Bereich des aktiven
Kerns führt zu einer Erhöhung des Neutronenflusses und dadurch induzierten Spal-
treaktionen
 ThPu: Eine Erhöhung des Inventars an spaltbaren Aktiniden während der Be-
triebsphase aufgrund des Erbrütens von spaltbarem Uran-233 aus dem Brutstoff
Thorium-232
Abschließend sind für beide Kernbeladungen gleiche oder sogar günstigere reaktorphysi-
kalische Sicherheitskoeffizienten berechnet worden, welche sich innerhalb der genehmig-
ten Sicherheitsmargen für aktuelle SWR befinden.
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